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Introduction

Semiconductor junctions offer many wseful propertics including
inherent characteristics which are well suited to temperature
megsurement, Within the electronics cooling arena, these propertics
form the basis Tor “the electrical method of junction temperature
measurement”™ and are wvsed for measurement of junction
temperatures within operating semiconductor devices,  They offer
the unigue capability to measure temperatures deep inside solid state
devices, without direet mechanical or optical contact,  Methods
based on these properties can be applied te virtually all
semiconductor device types, spanning the spectrum of
semiconductor applications and functionalities, In addition, the
limiting measurement bandwidth is high enowgh to capture all but
the fastest thermal device-transients. For these reasons, electrical
measurement of semiconductor junction temperatures offers unigue
advantages over other messurement technigues within this particular
conLest,



Temperature-Sensitive Parameters

There are numerous temperature-dependent electrical phenomena in
semiconductor devices that can be harnessed for the task of temperature
meagsurement. These “temperature-sensilive parameters’ are
commonly known as TSPs. There is a wide varicty of TSPs with
varying degrees of desivabilicy. The most ideal characteristics for TSPs
are described below,

Ideal Characteristics of a TSP

1. Sensitive: TSP sensitivity should be “sofficienily high”, This
sensilivilty is cxpressed in terms of the ralio of vollage change to
ternperature change and is the TSP temperature-derivative.  High
sensilivity improves the electrical signal-lo-noise ratio and thus the
lemperature measurement accuracy. Insulflicient sensitivity yields
ercessively noisy data.

2. Non Invasive: There should be minimal parasilic
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elecirical heating of the semiconducior associaled
with the measurement technigue.  This silualion
eliminates the nead to compensate Tor sell-heating
artifacts, Ideally, the temperature o be measured
is not influenced by the measurement method.,

3. Uniform: There should be sufficient aniformity in
the TSP relationship within a production lot of
Uidlentical™ devices to aveid the need to perform a
complete device calibration for every individual
device tested,

Junction Temperature

4. Linear: The TSF should ideally be a linear or
nearly lingar function of temperature versus
voltage. More non-linear TSPs are usually less A
aocurate and moare difficult to use.

When considering the use of new or unfamiliar
T5Ps, disappointments and dilicoliies can be aveided
by applving the above crileria
Many TSPs are device-lype specific. The following table details
some commonly used TSPs, although this should not be considered an
exhanative list.
Some common TSPg

dinde forward voltage dindes, functional ICs, hipolar
transistors, MOSFET:, thryristors,
thermal test dies
bipolar transistors, IGBTs

MOSFETs, IGH TS

saturation vollage
gate turn-on threshold

The "Numero Uno” TSP

The most commonly used TSP is the diode junction voltage
generated by a “small”, foreard biased, constant current flow. Tt is
instructive wp compare this TSP to the wdeal characteristics listed
alwove, This TSP yields a nearly linear relationship between the
woltage and lemperature with a typical TSP sensitivity of about
430°C per volt (2.3 oV per “C) for silicon junctions, [1] The
equation for computing junction temperature [rom the measured
diode voltage is the familiar straight line egualion:

Ti=m* ¥, +T,

where Tj is the junction temperature, m is the slope or derivative of
the TSP expressed in terms of *C per volt, Vi is the disde forward
village amed Ty is the ordinate-imtercept or olfsel temperature,  This
calibraling equation permits the computation of T} from a messured
Wy onee the calibrating parameters, slope, m, and lemperaturs offsct,
Ty haree been determined.

Within a production lot of “identical” devices, the slope
Memperature-to-voltage derivative) is nearly constant for most
device types, Generally, enly the offsel temperature (intereept)
varies among “identical” devices. (Figure 1), This variability can be
eliminated by adjusting the offset temperature on a device-by-device
basis using the knewn, pretest room temperature as a calibradon data
peint. This procedure is often referred to as “one-point
recalibration™ and reduces the need for complete device calibrations
to only the first device of a specific type wested. (Figure 2).

Te: = Tome=m * Wy

Toz = Tam—m * VW
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The device calibration for the diode voltage TSP is specilic 1o the
chosen “small™ [orward-biased current, commonly termed the “sense
current™, Based on the sccond ideal TSP criterion, above, (his sense
current should not generate significant heating in the junction and
thereby artificially clevating the temperature 10 be measured.
Although smaller sense currents generate less sell heating, smaller
sense currents are not always better. Two lower limils apply to the
selection ol sense currents,

1. Conduction lower limit: The sense current must be sulliciently
large o establish conduction in the body of the junction rather
than just 3 superficial leakage conduction. Generally 0.1
milliamp is the lower limit of the selection range Tor the smallest
Junetions tested. Typically, larger junctions have higher lower

limils on sense current,
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Electrical lower limit:  All semiconducior junctions have
parallel parasitic electrical capacitances, These capacitances
cause the measured diode voltage o lag the e semiconductor
lemperature-dependent voltage. This lag condition generates
problems for functional device testing, Such electrical transient
durations can range as high as 300 microseconds and are reduced
by larger sense currents. Again, the larger the junction, the
larger the appropriate sense curren.
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Generally, 1 milliamp sense currents are used for all except power
semiconductor devices where sense currents of 10 or 20 milliamps
are comman. A silicon junction passing 1 milliamp typically drops
abour (o Volts and therefore dissipates about (LOOGG watts as an
integral part of the temperature measurement. A typical ceiling for
junction-te-ambient thermal resistances is about (M) “C per watt
vielding an insignificant upper limit in the artitact of 0.3 degree at |
milliamp.  Ciiven this, 1 milliamp is the most justifiable and widely
used sense current for low power devices. For power
semicondoctors, 1 milliamps 15 common although with an even
smaller artifact ceiling.  Actually estimating the artilact for any
given test sitwalion s heneficial Tor sense current selection,

Clearly, the properfies ol the diode voltage TSP compare quite
favorably with ideal TSP characteristics Hsied above, This fact o

great extent accounts for the papularity ol the diode vollage TSP,

Device Calibration

Onee a TSP has been chosen, the relationship between the electrical
entity (vsually voltage) and tempersture must be determined through
a process known as “device calibration™. Device calibration
involves forcing the semiconductor te o knewn temperature and then
measuring the TSP voltage associated with that temperature.  This
procedure typically involves an isothermal dielectric bath, although
an owven with a heat sink can be used.  After performing this
procedure over a span of emperatures, an equation relating
temperature and wvoltage can be derived to express this data. Thus
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the “calibrating equation” expresses the TSP and essentially renders

the calibrated device a lemperature sensor. The most acourale

method of deviee calibration implements numerons calibration
temperatures, chosen to evenly span the range of semiconductor
operating temperatures.

One vitally important aspect of device calibration is the
determination of accuracy and the tvpical error bounds for the
temperature measurement. These errors stem from three sources:

I. Random errors assoclated with TSP measurement: These
random errors are those associated with making the clectrical
measurement. Froper shielding and grounding, instrument
calibration, and an adeguately sensitive TSP will reduce these
CTTOrS,

2. Systematic errors in device calibration procedures: Device
calibration data is comprised of the TSP voltage and the
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semicenductor temperature is typically measured with an

corresponding temperature of the semiconductor,

external contact sensar on the outside surface of a packaged
semiconductor device (Figure 33, Depending on the time-
temperature history of the device, the cutside surface
femperaiure may not be equal to the internal emperature of the
semiconductor, This siluation mroduces o systemalic grror mio
the device calibration data,

3. Accuracy of data representation: These errors are associated
with the formulation of the calibrating equation as a
representation of the TSP data, A calibration based on two data
points will not reveal a pon-linear TSP characteristic, or provide
the accuracy enhancement of data averaging over a range of

termperaturs: dlati,

Thermocouple Bath Method of
e eacer N o Device Calibration
I Current

Stirred
Dielectric
Bath

Frauee 3t Calbation path

During device calibration, data should only be taken once thermal
equilibrium has been reached by the device within the calibrating
enviromment, Since the deviee under calibration is only heated by
the minute self heating artifact generated by the sense current, the
outside surface of the device will nearly equal the internal
temperature of the semiconductor once equilibrivm with the
environment has been reached. Prior to this condition, the
calibration environment {bath liquid) must remain steady for a
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operales between these two
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capture the junction temperature
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Ti=m* WV + T integrated circuit packages.

R|x={Ti—Tx},‘r[V*l}
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sufficient period of time. The waiting time then for eguilibration
from the outsicde to the inside of the device is determined by the heat
capacity of the device and the thermal resistance between the device
Junction and the calibrating medium. A stirred liguid bath provides
an excellent calibration mediom o minimize this waiting interval,
CGenerally, the larger the component under calibration, the longer the
waiting interval, These considerations are essential 1o controlling
aystematic device calibration errors,

Device Characterization

Measurements of thermal impedances and resistances associated with
packaged semiconductor devices can be performed by measuring the
junction temperature response 1o a measured heat dissipation Trom
within the semiconductor. This procedure is termed “device
characterization”, The clectrical methed of junction temperature
measurement can be used to measure transient and steady state
thermal hehavior, Although the utility of steady state thermal
measurements is well established for predicting junction lemperatures,
the substantial value of transient thermal measurements is commonly
overlooked, Transient thermal measurements can uniguely
differentiate the internal thermal performance of comples thermal
packages, [2] This insight is essential o determining the best
approach for package enhancement and improvemant,

Figure 4 illustrates the application of the dicde vollage TSP to
characlerization of a rectifier dinde. MNearly all functional devices
utilize: a scheme similar to this where the heating power is alternately
swilched with the temperature sensing current. The device cannot be
both heated and temperature-sensed simultaneously since a hesting
cument and sense current cannot exist at the same me in one device,
Tor evercome this, an electronic switch with extremely bricl ransitions

T ; W
- Heater * | rSense Diode
£ | Heating | ‘?‘/ P
\i/. | Current ; . ] I'\-EI/I
' Sense
e = Current
Thermal Dle Ti=m*~ WV + T

Rix =T = Ta S [ ¥ *1)

Flgue B Thama 1257 diz setu

They are available in a variety of

sizes and are popular for packape

characterizations since baoth
heating and temperature sensing can be performed simultaneonsly
without the need lor rapid switching. Care must be taken 1o ensurg
that the thermal lest die size and die attachment matches that of the
imtendled funclicnal dic application.  Due o this matching problem,
active or functional dice are often used as the nltimae test vehicle for
component thermal characterization.

Conclusions

The use of the elecirical methad for junction temperature sensing has
some of the critical details of implementation that ultimately
determine the accuracy and overall success of the meithod, Once
some understanding and experience has been gained, il oflers a
powerful and accurate teol for thermal characterization of
semiconduclor components,
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