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An Introduction to Diode Thermal Measurements

1. Introduction

This handbook provides a brief overview of the electrical test method for diode thermal resistance
measurements. It is designed to aquatint the reader with the basics of the measurement and, as such, is
general in nature. Specific diode types (i.e., rectifier, signal, RF, LED, laser, etc.) each have their own
peculiarities and require extension of this document to address these special cases.

It should be noted that many non-diode-specific devices (such as integrated circuits, MOSFETs, bipolar
junction transistors, etc.) can also be tested as diodes. While this not optimum for transistors, because
the heat is generated differently in the diode mode as compared to transistor mode, practical considera-
tions may dictate the use of the diode mode in testing these devices. In the case of large complex-circuit
integrated circuits (ICs), it is nearly impossible to test the IC in an application mode. Thus, most ICs
meeting this requirement are thermally tested using the substrate isolation diode usually inherent in the
IC for both heating and sensing. All of these devices also may require certain extensions to the meas-
urement description below.

The key thermal parameter that is most common is thermal resistance, with the symbol 6 and units of
°C/W. The symbol has two subscripts — J for diode junction and X to indicate where the heat flow is be-
ing delivered. For example, 0;c is the parameter that provides a measure of heat flow capability from the
junction to the device case (or package) when the heat is forced to directly flow to case.
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An Introduction to Diode Thermal Measurements

2. Temperature Sensing

Diodes make excellent temperature sensors. At low values of forward current (usually refereed to as
measurement current [Iy] or sense current [Ig]), the junction temperature [Tj]— junction forward voltage
[Vr] correlation is very nearly linear to the second order. Thus a change in junction temperature pro-
duces a corresponding change in junction forward voltage with a constant correlation factor of the form

AT, =K xAV,

where the correlation factor is referred to as the K Factor. The units of K are in °C/mV and the value is

typically in the range of 0.4 to 0.8 °C/mV.

No one value of Iy is suitable for all diodes. The
selection of Iy is based on the diode size and type.
Industry practice is to use a value of Iy that corre-
sponds to the break in the diode’s forward voltage
curve as shown in Figure 1. Choosing a too low a
I value will cause problems in measurement re-
peatability for a specific diode and potentially
large variations between devices of the same part
number. Too large a values of Iy will cause sig-
nificant self-heating within the diode junction area
and give rise to potentially large temperature
measurement errors. When ever possible, Iy is
selected to some nominal value, such as 0.1, 1.0,
5.0 or 10.0 mA, the exact value depending on the
current-handling capabilities of the diode to be
calibrated.

Typical practice is to calibrate five or more de-
vices at a single time. Batch calibration serves two
purposes. First, it reduces the time necessary to
calibrate all the devices individually. The initial
temperature and the final temperature stabilization
periods, which can take 30 minutes or more de-
pending on the temperature environment used for
the calibration, only has to be done once instead
of for each diode. Second, making measurements
in batch form helps to reduce potential errors if
the data is averaged.

The equipment setup for performing K Factor
calibration measurements is shown in Figure 2.
The temperature-controlled environment can be a
small oven that maintains uniform temperature in
an area large enough to contain the test fixture.
The test fixture only has to provide electrical con-
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An Introduction to Diode Thermal Measurements

nection to the individual diodes to be calibrated. The temperature calibration system provides the
measurement current and measures the environment temperature and the diode forward voltage. The di-
ode forward voltage is read and recorded for each device once the environment temperature has stabi-
lized at a fixed value. Temperature stability has occurred when neither the diode voltage(s) nor envi-
ronmental temperature measurements shows any significant fluctuations.

Once the diodes are mounted in the test fixture, the fixture is inserted into the temperature—controlled
environment, and the fixture is connected to the measurement system, the next step is to wait for initial
temperature stabilization at the low temperature [Tjow]. This temperature is usually near room tempera-
ture, something in the 23 °C range. After readings are obtained at this temperature, the temperature is
increased to a higher value [Thig], typically in the 100 °C range, stabilization allowed to occur, and a
new set of voltage readings is taken.

Figure 3 shows graphically the results of the two different temperature conditions. K Factor [K] is de-
fined as the reciprocal of the slope of the Vi — Tj line, and is usually in the range of 0.4 to 0.6 °C/mV for
a single diode junction. The equation is —

Thigh -
\Y

To save thermal testing time, the results of cali-
bration batch testing are usually averaged (Kayg)
and the standard deviation (ok) is determined. If
the ratio of ox/ Kayg 1s less than 1.03, then ther-
mal testing on the batch units can proceed using
the K,y for all units without causing a signifi-
cant error in the thermal test results. A ratio of
greater than 1.03 requires using the individual
values of K for thermal testing. The higher ratio
also indicates potential process control problems
in the fabrication of the diodes.

low

°C/mV
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v

The K Factor is highly dependent on the value
chosen for Iy. It is imperative that the same
value of Iy be used during the thermal testing.

Figure 3

The average value and standard deviation of the K values from a group of the same samples provides a
measure of sample uniformity. If the ratio of standard deviation to average K is less than 0.03, then in-
dustry practice dictates that the average K can be used for all the devices in the lot. However, if this ratio
is greater than 0.03, then the sample-specific value must be used for each sample. Most silicon-based
samples will typically have a ratio of 0.01 or better, while devices fabricated from III-V compound ma-
terial (i.e., laser diodes, LEDs, etc) will typically exceed the 0.03 ratio requirement.

The discussion above is generic in that it applies to any diode — PN Junction, Schottky Junction, Sub-
strate Isolation diode in an integrated circuit, Source-Body diode in a MOSFET, etc. Also, the V-T; re-
lationship is usually assumed to be linear (hence, the two point measurement of K) but may actually be
slightly non-linear (second or third order effect) but usually not enough to significantly affect thermal
data.
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An Introduction to Diode Thermal Measurements

3. Measurement Procedure

When the Tj sensing technique is combined with the
application of Heating Power (Py), the measurement
of junction temperature rise (AT;) resulting from
applied Py leads directly to the Tj, thermal resis-
tance (0;x) or thermal impedance (Zgx) of the diode
for a specific set of environmental and time condi-
tions; the X subscript defines the reference envi-
ronmental condition.

The electrical test method (ETM) for diode thermal
measurements uses a three-step sequence of applied
current levels to determine a change in junction
voltage (AVy) under Measurement Current (Iy)
conditions. The setup for the measurement is shown
in Figure 4. First, Iy is applied and the diode-under-
test junction voltage is measured - the measurement
value is referred to as Vg;. Second, Iy is replaced with
a desired amount of Heating Current (Ig) for a time
duration consistent with the steady-state or transient
data required. During this time the diode voltage (Vi)
is measured for determining the amount of power (Py)
being dissipated in the diode. Third, Iy is removed
and quickly replaced with Iy; and a final junction volt-
age measurement is be made - this voltage is referred
to as Vpr. The three-step operation shown graphically
in Figure 5.

Once this three-step measurement process has been
completed and the appropriate data collected, the next
step is to use the data to compute Ty and 0;x (or Zgyx)
as follows:
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Figure 5 Current and Voltage waveforms for
diode thermal measurements.

AV =V, _VFf‘
AT, = K x AV,
T, =T, +AT,

where Tj; is the initial temperature of the diode junction before the start of the measurement. Then

Kx AV, AT,
I, xVy I, xVy,

Page 3-3

TEn



An Introduction to Diode Thermal Measurements

where - 0;x 1s the thermal resistance for the defined test condition and thermal environment
AVr is the change in the TSP change (in this case diode forward voltage)
Iy 1s the applied heating current
Vi is the applied heating voltage
K is the K Factor

The three-step process described above produces a data point for a single value of Heating Time. This
single data point is usually difficult to interpret and understand. A better approach is to generate a Heat-
ing Curve by making multiple three-step measurements with successive iteration having a longer value
of Heating Time. Shown in Figure 6, the resultant curve shows how the heat propagates from the heat
source (i.e., junction) on the left to some other physical location, such as the device package on the right.

Heating Curve
50

P |

-~
2
S
@ 30
= /V
s e
2 YV
0
& 20
©
e
g

1 A
. /
D‘M—/
0 4

1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01
Heating Time (ty) [seconds]

Figure 6 Heating Curve generated by iterative measurements
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An Introduction to Diode Thermal Measurements

4. Junction Cooling

The electrical method for semiconductor thermal measurements relies on the ability to quickly measure
the TSP (temperature-sensitive parameter) of the device-under-test (DUT) after removing power applied
to the DUT. The DUT junction temperature (T)) starts decreasing immediately but measurement diffi-
culties usually make reading the TSP at the exact cessation of applied power next to impossible. Thus, if
measurement data is not corrected for junction cooling, then the resultant junction temperature thermal
resistance values will be too low - in some cases by a

significant amount.

While the waveforms in Figure 5 are idealized for
demonstrating the basic concept, the actual wave-
forms are shown in Figure 7. The instant heating
power is applied to the DUT, the voltage starts to
decrease. The extent of the decrease is determined by . | Mo
both the level of power applied (relative to the cur-
rent handling capability of the DUT) and the amount %_ w

of time (ty) the heating power is applied. Similarly,

the junction starts to rapidly cool down when the M P g T, >
heating power is removed. The speed of the tempera-
ture decrease is dependent on the initial junction
temperature and the physical size of the active junc-
tion.

Figure 7 Actual Current and Voltage
waveforms for diode thermal measure-
ments.

The Cooling Curve, shown in Figure 8, is a tool for correcting the measured results for junction cooling
effects. It is based on the exponential nature of junction cooling. When Tj (or some related parameter) is
plotted on the logarithmic axis of a semi-log graph with Measurement Delay Time (twp) - defined as the
time from cessation of applied heating

power fo the S.tart of t.he TSP measure- Junction Temperature Cooling Curve

ment - on the linear axis, the data should ——Raw
result in straight line with a negative e
slope. However, as shown in the graph

below, until non-thermal switching ef-

fects (associated with test system limita-
tion, DUT switching capabilities, and in-
ductance in the test leads from the system
to the DUT) are overcome, the curve de-
clines at a steep non-exponential pace.
Use of data taken in this range (up to 40 1  m m s o m m e
us in the graph shown below) will lead to Measurement Delay time (tuo) [1s]

T; and thermal resistance values consid- Figure 8 Cooling Curve

erably higher than real values.

delta VF[mV]

10

Once TSP data is taken as a function of different typ values and plotted on a semi-log graph, it should be
reasonably obvious where the curve flattens out into a straight line. The typ value at this point or just
beyond should be used for thermal resistance and Ty measurements.
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The next step is to use the data from this typ point on to create a best-fit (regression) line and extrapolate
that line back to the Y-axis. Then the Y-axis intercept point value (labeled 'a' on the graph) is divided by
the typ value used for testing (referred to as 'b'; using 40 us in this example). This ratio of a/b is used to
correct the data for junction cooling effects.

The measurement data can be corrected in two ways. It can be manually corrected after data collection.
Or it can be corrected automatically during the testing so that the final data reflects the correction. The
easiest way to do this is by modifying the K Factor value. Then K' can be programmed into the thermal
test system to yield corrected data values directly.

(Zj KxAV | e .
0 = =|: F} K'=(—J><K
I, xVy I, xV, b
where - 0)x is the thermal resistance for the defined test condition and environment
AVy is the change in the TSP change (in this case diode forward voltage)
I is the applied heating current
Vy is the applied heating voltage
K is the K Factor
a/b is the junction cooling correction factor

K' is the modified K Factor to account for junction cooling

The correction factor should always be near 1.0 or higher because of the negative slope of the straight
portion of the cooling curve. The magnitude of the correction factor depends on the thermal test system,
the DUT, the test fixture and the inductance in the wires connecting the fixture to the system. Very small
devices, such as laser diodes or microwave diodes with junction areas very small compared to the chip
size, often have large values of correction factor.

When testing a batch of devices that are all the same physically and electrically, cooling curves and cor-
rection factors from a small sample of devices can typically be used to determine K' for the entire batch.
When the cooling curve and correction factor varies significantly from device-to-device, it is necessary
to determine and apply the correction factor for each device on a device by device basis.

Some thermal test systems, such as the TEA TTS-1000 series and TTS-4200 systems have an option for
manual and automatic determination and application of the correction factor for each device tested.
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5. Charge Dump

The measurement procedure described above works
very well when the DUT is able to quickly switch
from one current level to another. However, some
devices have long minority carrier lifetimes that
slow down the DUT switching speed. In this case it
is often necessary to get rid of the charge stored in
the DUT before attempting to make the Vg meas-
urement. This is accomplished by reverse biasing
the DUT for a short period of time; this operation is
referred to as Charge Dump. The waveform of Fig-
ure 5 is modified, as shown in Figure 9, to reflect
the inclusion of Charge Dump in the measurement
procedure.

The best way to determine if Charge Dump is re-
quired is to perform a Cooling Curve test with and
without Charge Dump enabled. The selection that
produces the best curve is usually the one best
suited for the device under test. If there is no differ-
ence between the two curves, then the diode has a
very short minority carrier lifetime and Charge
Dump is not necessary.

vV, —
Vei .
Ver 7] —X
— AV,
0 »
0t t,=t, PN
tCD

Figure 9 Charge Dump waveforms
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6. Heating Power

As shown in Figure 6, the voltage across the DUT decreases as the device heats up. So the question
arises as to how the heating power used in the thermal resistance equation is determined. Although the
more precise value is the average power dissipated over the ty period, usual practice is to use the voltage
measured just prior (typically 10 to 15us) to the removal of Iyy. The resultant heating power value is a
good approximation and deviates from the average power by a minimal amount, especially if the ty is
greater than one second for most devices.

The issue of actual Py value is more critical when the DUT emits power during ty. Examples of devices
that emit power when activated are light emitting devices (such as LEDs and Laser Diodes) and various
RF-generating devices (such as IMPATTS and Gunn devcies). If power emission from the DUT is sig-
nificant, then a calculation of thermal resistance that does not take this into account will be in error.

AT, AT,
o= 17| p P
H Applied — " Emitted

Some commercially available thermal test systems (such as the TEA TTS-1000 series units) can auto-
matically perform this correction for emitted power during the testing process. Data from thermal test
systems that do not have this capability can be corrected as follows:

P

Applied
= X
eJX |Actual eJX |Measured P -P
Applied Emitted

Page 6-2 TEn



An Introduction to Diode Thermal Measurements

7. Environmental Conditions and Other Considerations

The measurement basics described above did not mention the DUT environment during the test. It is a
combination of ty and environment that dictates the type of measurement being made.

For example, a junction-to-case thermal resistance (0;c) measurement requires that the DUT case be
held at a constant temperature and that ty; be long enough to insure that the heat generated at the DUT
junction by the applied heating power (Py) has had adequate time to propagate to the case outer surface.
Typical values of ty for most chip/package combinations are in the 0.1 to 10 second range; very small or
very large packages may require less or more time, respectively. Allowing ty to go on beyond the time
for the heat to reach the package (or case) outer surface does not yield any further information for mak-
ing a 0;c measurement.

Similarly, at the other end of the ty spectrum, a junction-to-ambient thermal resistance (0;a) measure-
ment requires that the DUT case be enclosed in a standard insulated volume (one cubic foot) and that ty
be long enough to insure that the heat generated at the DUT junction by the applied heating power (Py)
has had adequate time to reach a steady-state condition within the volume. Typical values of ty for most
chip/package combinations are in the 1,000 to 3,000 second range; very small or very large packages
may require less or more time, respectively. Using a ty value less that for a steady-state condition will
not produce the right thermal resistance results. Allowing ty to go on beyond a steady state does not
yield any further information for making a ;4 measurement.

The composite Heating Curve in Figure 10 combines the results from several environmental conditions
— natural convection (0;4), forced convection (8;ma) and heat sink or cold plate (0;c ). A Heating Curve
is a plot of a junction temperature related parameter versus the amount of time heat is being dissipated at
the diode junction. All the data shown was made on the substrate isolation diode in a large, multi-lead

Heating Curve ——1m/s
15 —=—2m/s
== Heat Sink
== Still Air
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Figure 10 Composite Heating Curves
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An Introduction to Diode Thermal Measurements

integrated circuit package. Note how the thermal test environment and ty combination produces the dif-
ferent curves. The point at which each curve reaches a plateau produces the corresponding thermal resis-
tance value.

The issue of thermal resistance measurement accuracy and repeatability always arises when discussing
thermal data. The measurements can be very accurate, better than +1%, and repeatable if the Heating
Time is chosen to be less than that required for the heat to propagate to the package surfaces. However,
once the heat has propagated beyond the package interface surfaces, the accuracy and the repeatability
of the measurement are mostly dependent on the thermal environment.. In the latter case, accuracies of
+5% to £10% are common.
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8. Symbols & Terms

Note: Temperature may be expressed in Kelvin (K) or centigrade (°C) units.

Symbol Units Description
ATSP The change in the Temperature Sensitive Parameter; units dependent on
parameter used
Oja K/W Junction-to-Ambient Thermal Resistance
08 K/W Junction-to-Board Thermal Resistance
Y5 K/W A thermal metric derived from the difference in junction temperature (Ty)

and board temperature (Tg) divided by total heating power (Py); applica-
ble to arrayed-connection packages. The thermal environment must be

specified.
05c K/'W Junction-to-Case Thermal Resistance
01chot K/W Junction-to-Case Thermal Resistance with heat flow through package
bottom
O;ctop K/'W Junction-to-Case Thermal Resistance with heat flow through package top
Or K/W Junction-to-Fluid Thermal Resistance
O K/'W Junction-to-Lead Thermal Resistance
¥ K/W A thermal metric derived from the difference in junction temperature (Ty)

and lead temperature (T.) divided by total heating power (Py); applicable
mostly to leaded device packages. The thermal environment must be

specified.
Oima K/W Junction-to-Moving Air Thermal Resistance
Or K/'W Junction-to-Reference Thermal Resistance
Wit K/'W A thermal metric derived from the difference in junction temperature (Ty)

and package top temperature (Tp) divided by total heating power (Py).
The thermal environment must be specified.

0yx K/'W Junction-to-defined point (X) Thermal Resistance
AVg mV The change in temperature sensing voltage due to the applied HEATING
POWER to the device.
Iu A Heating Current
Im mA Measurement Current
K K/mV K Factor for diode sensor
K/Q K Factor for resistive sensor
Py w Heating Power
Roja K/'W Junction-to-Ambient Thermal Resistance
Rojc K/W Junction-to-Case Thermal Resistance
Romn K/'W Junction-to-Lead Thermal Resistance
Royma K/W Junction-to-Moving Air Thermal Resistance
Rojr K/W Junction-to-Reference Thermal Resistance
Roix K/W Junction-to-defined point (X) Thermal Resistance
Ta K Ambient Temperature
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Symbol | Units Description
Tp K Board Temperature, measured on the board at the package long-side cen-
ter
Tr K Fluid Temperature in immediate area of the package
ty S Heating Time
tHss s Steady State Heating Time
T K Junction Temperature
AT; K Junction Temperature Change
Ty(peak) K Peak Junction Temperature; if multiple peaks, then term refers to the
highest peak
TL K Lead Temperature
tMD us Measurement Delay Time
Tr K The device package temperature; usually top-dead-center on the greatest
exposed package surface
tsw us Sample Window Time
Vu \Y Heating Voltage
Zoix K/'W Junction-to-defined point (X) Thermal Impedance
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