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Abstract: This paper presents the results of investigations on the influence of thermal phenomena—
self-heating in semiconductor devices and mutual thermal couplings between them—on the charac-
teristics of selected electronics networks containing bipolar transistors (BJTs) or insulated gate bipolar
transistors (IGBTs). Using the authors’ compact electrothermal models of the transistors mentioned
above, the non-isothermal DC and dynamic characteristics of these devices and selected networks
with these devices are calculated. Their selected characteristics are compared with the measurement
results. The waveforms of currents in the considered networks are also determined taking into
account thermal phenomena. Discrepancies between the obtained calculation and measurement
results and the calculation results obtained without thermal phenomena are indicated. In particular,
attention is paid to cooling conditions at which the networks under consideration may be damaged
due to thermal phenomena.

Keywords: thermal phenomena; measurements; electrothermal analyses; compact electrothermal
models; semiconductor devices; electronics networks

1. Introduction

Electronic networks include semiconductor devices of different types [1-3], for ex-
ample: diodes and bipolar or unipolar transistors. During the operation of these devices,
the electrical energy dissipated in them is converted into heat, causing an increase in
their internal temperature T; as a result of thermal phenomena such as self-heating and
mutual thermal couplings [2,4,5]. In this article temperature T; denotes the temperature
of a semiconductor die, which is an active part of semiconductor devices. An increase
in temperature T; changes the values of the coordinates of the operating points of these
devices [4].

As shown i.a. in [6,7], the self-heating phenomenon causes changes in the course
of the characteristics of semiconductor devices. These changes are both quantitative and
qualitative [8-10]. The characteristics determined taking into account thermal phenom-
ena are called non-isothermal characteristics, in contrast to the isothermal characteristics
determined for a fixed value of the internal temperature.

In order to compute non-isothermal characteristics of semiconductor devices, an
electrothermal analysis should be performed. In the literature many papers, e.g., [11-17]
consider different aspects of electrothermal analyses. The papers [11,12] describe such an
analysis performed with the use of compact electrothermal models, which use only one
internal device temperature to characterize thermal properties of semiconductor devices.
On the other hand, in [13] a hierarchical method of the electrothermal analysis is proposed.
The reference [14] a semi-analytic method for the electrothermal analysis of a thin-film
resistor is proposed. Reference [15] describes a method of the dynamic electrothermal
analysis of electronic circuits. The electrothermal analysis can be used for analyses of big
power modules [16] and small, nanoscale transistors [17].
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Specialized software is commonly used for the analysis and design of electronic
circuits, e.g., the SPICE software [18,19]. The accuracy of the calculations carried out
with this software depends on the accuracy of the models of the used components of the
analyzed network. The models embedded in the SPICE software are isothermal models [20],
but the literature contains many papers on electrothermal models of electronic components
dedicated to this software [7,21-26]. These models typically take into account additional
component (positive or negative) of voltage or current due to thermal phenomena by means
of controlled voltage or current sources. In turn, the value of the internal temperature is
represented in such models by voltage on an additional network, which is an electrical
analog of the thermal model of the considered device [4,27-29].

The papers [6,10,22] show that non-isothermal characteristics of semiconductor de-
vices may have a significantly different shape from the isothermal characteristics. In particu-
lar, non-isothermal characteristics of these devices may not be functions in the mathematical
sense, i.e., one independent variable value corresponds to several dependent variable val-
ues. Quite frequently on such current-voltage characteristics there is an electrothermal
breakdown point, where the sign of the slope of such a characteristic changes from positive
to negative [21,22]. Additionally, in the case of the transient analysis, significant changes
in the operating point of transistors contained in electronic circuits caused by thermal
phenomena may be visible [30].

For electronic circuits containing more than one semiconductor device, mutual thermal
couplings between these devices may occur, causing an additional increase in the internal
temperature of each of these devices due to power dissipation in other semiconductor
devices placed on a common printed circuit board [31], on a common heat sink [32] or
in a common case [33]. These couplings are characterized by mutual transient thermal
impedances, and the waveforms of these impedances depend on the method of assembly
of the considered devices [34], e.g., on the area of soldering pads, the distance between
semiconductor devices, the dimensions of the used heat-sink or properties of the used
thermal interfaces.

This paper presents some results of measurements and computations illustrating
an influence of thermal phenomena on properties of selected transistors and electronics
networks containing these transistors. Computations are performed using the authors’
compact electrothermal models dedicated to the SPICE software. An influence of cooling
conditions on non-isothermal DC characteristics of power BJTs, IGBTs and power modules
is shown and discussed. Attention is paid on the antypical (different than visible in the
catalogue data) shape of these characteristics and possibility of destroying such devices
operating inside the safe operating area. Using the same models the non-isothermal DC and
dynamic characteristics of selected electronics networks are computed. Investigations were
carried out for the following networks: transistor switch, differential amplifier and parallel
connection of two transistors. An influence of self-heating in the transistors and mutual
thermal couplings between them on these characteristics is considered and discussed.
Many examples illustrating a risk of damage of semiconductor devices operating in these
networks are shown and discussed. It is also shown that in selected cases mutual thermal
couplings can protect the analyzed networks against damage. On the other hand, it is
shown that the operating point of the analyzed networks can dramatically change after
a long time of operation of the considered networks. Some suggestions how to protect
these networks and how use thermal couplings to stabilize the operating points of these
networks are formulated.

2. Compact Electrothermal Models of Semiconductor Devices

The first compact electrothermal models of semiconductor devices were described in
the literature as early as the beginning of the 1970s [35]. These models took the form of a
system of equations describing:

(a) the relationship between currents and voltages of the modeled device, in which the
internal temperature of this device is present;
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(b) the dependence of the power dissipated in a semiconductor device on their terminal
voltages and currents;
(c) the dependence of the device internal temperature on the power dissipated in it.

The first attempts to use the SPICE software to model non-isothermal characteristics
of semiconductor devices were described in the literature at the turn of the 1980s and
1990s [36,37]. These models use an electrical and thermal analogy in which the relevant
electronics network represents the thermal model of the device. In this network, the
voltages in the nodes represent the temperature of individual components of the heat
flow path, and the currents flowing in particular branches—the power released in the
semiconductor device.

The general form of an electrothermal compact model of a semiconductor device for
the SPICE software is shown in Figure 1. The considered electrothermal model consists of
three components: the electrical model of the form given by the function f(v,7) describing the
relationship between voltages v and currents i of the modeled device, the power model of
the form given by the function g(v,i) enabling the determination of the power py, dissipated
in the modeled device and the thermal model described by the function h(py,), in which the
value of the internal temperature T; is calculated, appearing in the equations representing
an electrical model. The electrical model has a different form for each semiconductor device
and is typically formulated as an electronics network containing an electrical analog of the
equations describing the characteristics of the device being modeled. Such models have
been described in many articles, e.g., [23] for diodes, [7,21] for BJTs, [21,38] for IGBTs, [26]
for power MOSFETs, [39] for operational amplifiers and [40] for integrated circuits used in
switching mode power supplies.

electrical model

f(v,i)=0
TJ
v, i
power model thermal model
Pin = g(V,i) T;= h(pw)

p:h/

Figure 1. General form of the compact electrothermal model of a semiconductor device dedicated
for SPICE.

The classic version of the compact thermal model uses linear resistors (with fixed
values of resistance) and capacitors (fixed values of capacitance) representing thermal
resistances and thermal capacitances of the thermal model, respectively [27,41-43]. It
was shown in [44] that the thermal resistance of a bipolar transistor depends on the
operating point of this device. Reference [45] proposes compact nonlinear thermal models
of semiconductor devices taking into account the influence of ambient temperature, internal
temperature and power dissipated on the cooling efficiency of these devices. In turn [46]
proposes an analytical description of the dependence of thermal resistance of an electronic
component on the design of the cooling system of these devices. It was experimentally
shown that by optimizing the cooling system it is possible to reduce the value of thermal
resistance up to 50 times.

In the paper [22], a non-linear thermal model of the IGBT was used to formulate its
electrothermal model. It was experimentally shown that such a model allows for better
modeling accuracy than the electrothermal model using the linear thermal model.

The compact thermal model of networks containing more semiconductor devices
makes it possible to determine the internal temperature of each of these devices taking
into account self-heating and mutual thermal couplings between each pair of these devices.
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Reference [28] proposes a form of such a model using the concept of a matrix of transient
thermal impedances. In the paper [33] the method of implementing such a model in SPICE
was presented. In the case of a thermal coupling between two semiconductor devices, the
internal temperature of the first device Tj; can be described by:

t ¢
Tin(t) =Ta+ /Z;m(t —0)- pl(v)dv—l—/ Zipo(t =) - pa(v)dv 1
0 0

where T, is the ambient temperature, p; (f)—power dissipated in this device, Z'y;1 (f)—time
derivative of the transient thermal impedance of this device, p,(t)—power dissipated
in the second device thermally coupled with the device under consideration, Z’y;,12(t)—
time derivative of the mutual thermal transient impedance between the devices under
consideration, whereas v is an integration variable. Both the mentioned transient thermal
impedances are typically approximated by the relationship of the following form [27,41]:

1—iai-exp<—t>] 2)

Zu(t) = Ry, -
m(t) =R )] o

where Ry, is thermal resistance, a;—the coefficients associated with particular thermal time
constants 7y,;, and N—the number of these time constants.

The detailed descriptions of the compact electrothermal models of B]Ts are described
in [21], and of IGBTs—in [22].

3. Non-Isothermal Characteristics of Selected Transistors

Using the compact electrothermal BJTs and IGBTs models described in the papers [9,10],
the non-isothermal DC characteristics of selected types of these transistors were deter-
mined. The obtained calculation results were compared with the measurement results in
Figures 2—4.

—_
(=}

=ms measurements
9 — electrothermal analyses T,=34°C
8 ---+ isothermal analyses
7 4 O -
--L) 5 B
4
) | :
| i—"f.lo:“-“’-:-:-:——r>°'. """ §2----- A
(1) i ip = 1 mA : N Li,,,-ﬂ“;}
0 20 40 60 80

Figure 2. Output characteristics of the BJT of the type 2N3055.

Values of currents and voltages corresponding to the points lying in non-isothermal
characteristics were measured with the use of APPA 207 digital multimeters using the
classical indirect method. The results of measurements were registered when the thermally
steady state was obtained. All the measurements were performed only ones. Therefore,
only type B evaluation of uncertainty is used. According to information given by the
manufacturer [47], the relative uncertainty of the measured values is smaller than £0.2%
for currents and £0.06% for voltages. In turn, isothermal characteristics were measured
using the pulse method and a Keithley 2612A source-meter. The relative uncertainty of
these measurements did not exceed £0.06% for currents and £0.02% for voltages [48]. In
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order to compute the value of standard uncertainty the values of given above values of
relative uncertainty should be multiplied by the value of the used measurement range. The
maximum values of the measurement uncertainty are given at description of each figure
presented in this Section. In each of these figures error bars are shown. Due to very small
values of standard uncertainty typically the error bars are invisible (they are smaller than
squares representing measurement results).

b) 3

25 4

0.5 4

Ve [V]

Figure 3. Computed and measured output characteristics of the IGBT of the type IRG4PC40UD operating without any
heat-sink (a) and situated on the heat-sink (b).
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Figure 4. Computed and measured isothermal (a) and non-isothermal (b) output characteristics of transistor Ty contained
in the examined module at voltage Vg1 = 6.6 V and different values of power dissipated in the other components of

the module.

Figure 2 illustrates the output characteristics of the selected power BJT of the type
2N3055 [49] at selected values of base current ip and the fixed value of the ambient temper-
ature T, = 34 °C. In this figure, points denote the results of measurements, solid lines—the
results of electrothermal analyses, and dashed lines—the results of isothermal analyses.
The standard uncertainty of measured voltage does not exceed +0.24 V, whereas this uncer-
tainty for measured current does not exceed +20 mA. Due to so small values of standard
uncertainty the error bars are invisible (they are smaller than the squares representing
measurement results). Electrothermal analyses were performed using the electrothermal
models of the devices included in the considered networks, whereas isothermal analyses
were performed using the isothermal models of such devices.

As can be seen, the results of the electrothermal analyses match the measurement
results very well (the differences between them do not exceed 3.5%), while the isothermal
characteristics differ in shape from the measured characteristics. The isothermal char-
acteristics show a positive slope and are visible in the breakdown range at voltage vcg
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exceeding 70 V. On the other hand, the electrothermal breakdown point is visible on the
non-isothermal characteristics.

As seen, the non-isothermal characteristics have the qualitatively different shape,
depending on the value of the base current. These characteristics have a positive slope in
the active mode (before the electrothermal breakdown point A;) at the base current equal
to 1 mA and 10 mA. This slope is negative at higher values of the base current (ip = 100 mA
and 300 mA) This means that the local minimum near the electrothermal breakdown
point always occurs on these characteristics. The internal temperature of the BJT in the
points A; is higher than 200 °C. This means that they are outside the safe operating area of
the transistor.

It should be noted that power BJTs could have S-type and N-type non-isothermal
output characteristics. The N-type characteristics are seen at high base currents, outside
the device safe operation area. This N-type shape results from the influence of the collector
current and temperature on the coefficient of current amplification.

In turn, Figure 3 shows the output characteristics of the IGBT of the IRG4PC40UD
type [50] determined for selected values of the gate-emitter voltage vgg and different
cooling conditions. These characteristics are shown in Figure 3a for the transistor operating
without any heat-sink and in Figure 3b for the transistor situated on the heat-sink. During
the measurements the heat-sink was situated horizontally on the wooden table. The
transistor was screwed to the top part of this heat-sink and the silicon paste was used as a
thermal interface.

In this figure, points denote the results of measurements, solid lines—the results of
electrothermal analyses performed with the use of the model from the paper [22], and
dashed lines—the results of analyses performed with the use of the Hefner model [20,51].
For the considered values of voltage Vg the results obtained using the Hefner model
overlap with the Vg-axis. The standard uncertainty of measured voltage does not exceed
£24 mV, whereas this uncertainty for measured current does not exceed +8 mA.

At both the types of the cooling conditions the ambiguous characteristics Ic(VE) are
obtained. The point of the electrothermal breakdown, in which the sign of the slope of these
characteristics changes from positive to negative, is visible on each characteristic. Such a
shape of the considered characteristics also means that the breakdown in the investigated
transistor can appear at a value of voltage Vg which is considerably lower than the
admissible catalog value.

As it is visible in Figure 3 the breakdown can appear even for Vr smaller than 10V,
whereas the admissible value of this voltage given by the producer amounts to 600 V [50].
It is worth observing that Vg value, at which the electrothermal breakdown appears,
decreases with an increase in Vg voltage and a worsening of its cooling conditions.

As shown in [22], the point of the electrothermal breakdown corresponds to the
case where the temperature T¢ is equal to about 50 °C. The value of this temperature is
practically the same for both the considered cooling conditions [22]. Similar qualitatively
characteristics were also obtained for power MOS transistors. These characteristics are
shown and discussed in [52].

In the examples shown in Figures 2 and 3a change in the course of the output char-
acteristics of the considered transistors is caused only by the self-heating phenomenon.
In order to illustrate the influence of thermal couplings on the characteristics of the tran-
sistors placed in the common case, Figure 4 shows the output characteristics of the IGBT
included in the PSI25/06 type power module manufactured by Power Sem [53]. This
module contains two IGBT transistors marked as T4 or T, and two diodes.

In Figure 4 the output characteristics of transistor T1 contained in the examined
module obtained at the gate-emitter voltage Vp; = 6.6 V are shown. In Figure 4a the
isothermal characteristics obtained at different values of ambient temperature are shown.
In this case power is dissipated in transistor T only. The standard uncertainty of measured
voltage does not exceed +20 mV, whereas this uncertainty for measured current does
not exceed £0.6 mA. Figure 4b shows the results of the investigations performed with
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thermal phenomena taken into account at the ambient temperature equal to 25 °C. In these
investigations power of different values is dissipated in the other components of the module
(power ppy in diode D, and power pr; in transistor T,). In this figure the horizontal black
dashed line marks the isothermal characteristic of the investigated transistor. The standard
uncertainty of measured voltage does not exceed +24 mV, whereas this uncertainty for
measured current does not exceed +8 mA.

As it is visible, the shape of the non-isothermal characteristics shown in Figure 4b visi-
bly differs from the isothermal characteristics presented in Figure 4a. The non-isothermal
characteristics are not any functions in a mathematical sense. One can see on them the
point of the electrothermal breakdown. The value of voltage Vgj, at which appears the
point of the electrothermal breakdown, decreases together with an increase of the power
dissipated in the other components of the module. The value of the collector current of
the investigated transistor increases as a result of thermal phenomena at an increase in the
power dissipated in the other components of this module. It is also proper to notice that
dissipation of power of the same value in transistor T, causes a stronger influence on the
course of the characteristic Ic1(Vcg1) of transistor T; than the dissipation of this power in
diode D;. It is also shown in [54] that changes of the shape of the characteristics Ic1(VcE1)
are accompanied by essential changes in temperature of the module. As a result of mutual
thermal couplings between the components of the considered module a temperature rise
of the components of this module is equal to even 100 °C.

4. Non-Isothermal Characteristics of Electronics Networks

Using the compact electrothermal models of the BJTs and IGBTs described in [9,10], the
DC and dynamic characteristics of selected electronic systems containing these semicon-
ductor devices are determined. The results of these calculations are shown in Section 4.1,
Section 4.2, Section 4.3. Some of the calculation results are compared with the measurement
results. The tests were carried out for the transistor switch (Section 4.1), paralelly connected
transistors (Section 4.2) and a differential amplifier (Section 4.3). In all the figures presenting
the investigation results, lines indicate the results of calculations and points—the results
of measurements.

4.1. Transistor Switch

This Section presents the results of testing a transistor switch circuit containing a BJT
or IGBT transistor. Figure 5 shows the considered network including the IGBT. In this
circuit, a DC voltage source V¢ polarizing the collector of the transistor and a voltage
source Vo are used. The source Vi, generates voltage of the shape of a rectangular pulses
train exciting the transistor’s gate. The measurements of currents and voltage waveforms
were performed with the use of APPA207 multimeters connected with a PC registering the
results of the measurements. The case temperature of the tested transistors were measured
using an Optex PT-3S infrared pyrometer [55] with the analog voltage output connected
to an APPA207 multimeter. The dedicated software made it possible to register values
of the measured currents and voltage with the constant time step of the minimum value
equal to 0.5 s. Information about uncertainty of voltages and currents measurements
performed with the APPA207 are given at the beginning of Section 3. In turn, according to
information given by the manufacturer standard uncertainty of temperature measurements
using considered pyrometer does not exceed +3 °C [55].

Figure 6 shows the calculated and measured waveforms of voltage Vg obtained when
the voltage on the source Vg, has the shape of a voltage step of the value equal to 5.6 V
and voltage V¢ = 43 V. The resistor Rc has in the following experiments the resistance
of the values equal to 9.3 () or 14.7 (). Such properties of operation of the considered
network are selected in order to obtain the operating point of the IGBT near the point of the
electrothermal breakdown. The waveforms of the device case temperature corresponding
to the presented waveforms of Vg voltage are shown in Figure 7. The measurements, the
results of which are shown in Figures 6 and 7, were performed with the time step equal to
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0.5 s. The standard uncertainty of measured voltage does not exceed £240 mV, whereas
this uncertainty for measured case temperature does not exceed £3 °C.

Re

| DUT | v,
1 Vec

Figure 5. Diagram of the transistor switch including the IGBT.
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Figure 6. Measured and calculated waveforms of Vg voltage of the IGBT.
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Figure 7. Measured and calculated waveforms of the case temperature of the IGBT.

It is worth observing that the steady state on the waveform of voltage Vcr appears only
after 2 h after switching-on the voltage on the transistor gate. At that time the temperature
of the case T¢ of the investigated transistor increases from 23 °C to 110 °C (Figure 7). This
temperature rise causes a decrease in the voltage of the transistor threshold voltage and
consequently, an increase in the value of the collector current. Finally, it leads to a fall of
voltage Vcg. When resistance R¢ = 9.3 () the transistor goes to the on-state 6000 s after
switching on the power supply and its case temperature at the steady state exceeds 150 °C.
For a higher value of the resistance R¢ the time indispensable to obtain the steady state
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increases and attains even 7500 s. This increase is a result of a decrease in a slope of the
load line and a decrease in the value of power dissipated in the IGBT. In comparison, if V¢
voltage is much higher than the electrothermal breakdown voltage, the steady state can be
obtained for this transistor already after about 10 min after switching-on the power supply.

Similar investigations were carried out for the switch containing a BJT. In this case, the
following values of the components of the circuit from Figure 5 were adopted: Vcc =13.5V,
Rc =112 O, Rp = 0 O, a high value of voltage V¢, equals to 0.63 V. The obtained results
of computations and measurements are shown in Figure 8. The standard uncertainty of
measured current does not exceed +£80 pA. The time resolution of i measurements is
equal to 1s.

a)  0.09 90 b) 0.1
0.08 - s LI 0.09 1
0.07 4 E 0.08
+ 70 0.07 1
0.06 -
— — — 0.06 -
= 005 1 160 O =
o = = 0.05 -
0.04 1 ts50 & ™ 0.04 |
0.03 - ]
L4 0.03
0.02 - 0.02 1
0.01 - 30 0.01 -
0 . ‘ 20 0 ‘ ‘ . ‘ ; ‘ . :
0 4000 6000 8000 0 2 4 6 8 0 12 14 16 18
t[s] vee [V]

Figure 8. Dependence ic(f) and Tj(t) (a), and the nonisothermal DC output characteristics (b) of the voltage-driven BJT at

vgg = 0.63 V at three values of the ambient temperature for the transistor switch with the BJT.

As seen from Figure 8a, the collector current I and the junction temperature change
rapidly their values after about 6500 s from the moment of switching on the power supply.
This collector current rise is caused by thermal inertia of the BJT and its thermally steady
state is reached after the mentioned time. The BJT has the DC non-isothermal output
characteristic with vgg = 0.63 V at the ambient temperature T, = 30 °C shown in Figure 8b
with the load line (blue solid line). As seen, when the thermally steady state at the point
of the electrothermal breakdown (point A) is not attained, the operation point moves to
B in the low collector-emitter voltage region to reach the thermally steady state and this
situation is called the electrothermal breakdown. In Figure 8b dashed lines correspond to
the non-isothermal dc characteristics at the ambient temperature equal to T,; =25 °C and
T2 =35 °C. As seen, a rise in the ambient temperature can cause the above-described effect
as well. It is worth mentioning that the junction temperature at the point A is equal to
about 50 °C. Whether this switching effect results in the functional or catastrophic failure
depends, for example on the coordinates of the point B, but above all on the junction
temperature at this point. In the considered case the junction temperature Tj is equal
to 84 °C at the thermally steady state (Figure 8a). Due to the discrepancy between the
measured and computed output characteristics of the BJT in the range of high values of I¢
current (Figure 8b), the measured and computed values of this current after switching it on
(Figure 8a) differ between each other even by 10%.

The previously presented examples illustrate the problem of delayed switching on
of the transistor switch due to thermal phenomena. In the next part of this Section the
problem of an influence of thermal phenomena and electrical inertia of the BJT on the
switching off process of such a switch is considered. The following values of the parameters
of the network from Figure 5 were adopted in the simulation tests: Voc =20V, Rc =50 Q),
Rp =10 k), while the voltage source Vg, generates a single pulse with the duration of
tp = 30 pus and the value of 5 V. In order to simplify the analyses it was assumed that in the
thermal model of the transistor there is only one thermal time constant 74, = 10 ps. The
analyses were performed for various values of thermal resistance Ry.
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As shown in Figure 9a, if the value of Ry, is less than 150 K/W, then the BJT is off.
Higher values of Ry, demand the longer time to reach off-state (far longer than the duration
time of the input pulse). At higher values of Ry, the device can fail before being off, due to
its junction temperature rise. At Ry, = 200 K/W, the BJT is in the thermally steady state
and the value of its junction temperature is far beyond the admissible value (Figure 9b).
As the computations showed, two things cause this situation. Firstly, the forward biasing
of the emitter junction by current of the reverse-biased collector junction can take place.
This reverse current depends strongly on temperature, and it can cause the emitter-base
voltage drop being sufficient for operation of the BJT in the forward active mode if the
value of resistor Rp is high enough. Secondly, the parasitic electrical capacitances C of the
transistor junctions have to be discharged after the input pulse is off, and the voltage drop
across them maintains the conducting of currents.

. b) 400
| Ty = 10 ps 350
i Ry, =200 K/'W 300 |
1 g 250 A
= 200 4

100 K/W 150 K/'W

30 K'W 150
100
50

T T T T 0 T T T
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t [ms] t [ms]

Figure 9. Collector current (a) and junction temperature (b) of the BJT with different values of its thermal resistance.
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In Figure 10 the influence of the electrical capacitances in the model of the BJT
is illustrated.
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Figure 10. Collector current (a) and junction temperature (b) with and without electrical inertia taken into account.

As seen Figure 10a, only the electrothermal model including elements modeling
electrical inertia (C > 0) shows a possibility of functional failure, which in the considered
circuit stands for a transistor being on, and in this case a high temperature rise can be
observed (Figure 10b). This means that electrical capacitances make it possible to extend
the time, at which the device internal temperature increases to such a high value that
the reverse current of the base-collector junction is high enough to polarize base-emitter
junction in the forward mode.

4.2. Two Parallelly Connected BJ1s

The parallel connection of transistors is used in many power systems, where high
current efficiency is required. In this Section, the problem of the influence of thermal
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phenomena on the operation of such a system containing B]Ts is considered. The diagram
of the analyzed system is shown in Figure 11. In this network voltage of the source E is
equal to 25V, resistor R¢ = 100 ) and resistor Rg = 5 k().

Figure 11. Two connected parallel BJTs.

Figure 12 shows the non-isothermal DC characteristics of the system under consid-
eration determined for a fixed current value Ig = 0.25 mA. It was assumed that both the
transistors have identical values of all electrical parameters, but slightly differ in the values
of thermal parameters. Three cases were considered:

(a) both the transistors are perfectly cooled and thermal resistance of each is zero
(black lines),

(b) the transistors are not thermally coupled, and their self thermal resistances are
Ry1 =250 K/W for transistor T1 and Ry, = 240 K/W for transistor T, (red lines),

(c) the transistors are thermally coupled, their self thermal resistances are
Ry1 = 250 K/W and Ry, = 240 K/W, respectively, and the transfer thermal resis-
tance between them is Ry,1 = 220 K/W (blue lines).

0.45 -
0.4
0.35
0.3 -
0.25 |
0.2
0.15

icp icy [A]
Ty, Tj, [°Cl

0.1 - ,,/—"f"ﬁ';/,'ii/"jj ) J
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' 2

:X:z‘ \ )

4 4
Veg [V vee [V]

Figure 12. Computed non-isothermal dc current-voltage characteristics (a) and dependences of junction temperature on vcg
voltage (b) of parallelly connected BJTs operating at different cooling conditions.

As it is visible, under ideal cooling conditions the collector currents of both the transis-
tors are the same, and the dependences of these currents on voltage Vg are monotonically
increasing functions. On the other hand, with imperfect cooling and the absence of mutual
thermal couplings, it can be seen that as voltage Vr increases, the difference between
the collector currents of both the transistors (ic1; and ic) increases. Transistor T7 with a
higher value of thermal resistance conducts more and more collector current as voltage
Vg increases, and the other transistor—less and less collector current. Due to self-heating,
transistor T enters the electrothermal breakdown range at voltage Vg = 6 V, at which cur-
rent icy is close to zero. When taking into account the mutual thermal couplings between
the transistors, the difference between the collector currents of these transistors is visible,
but it does not exceed 80%. In this case also the shape of the ic(V ) relationship for both
the transistors is similar.
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Figures 13-16 show the waveforms of the currents in the system under consideration
at different values of the parameters characterizing the thermal model of the system under
consideration. In all the considered cases, the current source Ip is turned on at t = 0. In these
figures the logarithmic time-scale is used.
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Figure 13. Collector currents (a) and junction temperatures (b) of BJTs having the same values of all the thermal parameters
(dashed lines) and with different values of Ry;: Ry;11 = 250 K/W, R0 = 240 K/W (solid lines).
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Figure 14. Collector currents (a) and junction temperatures (b) of BJTs having different values of the shortest thermal time
constants: for transistors T1 and T, equal to 2 ms and 5 ms, respectively at Ry,1, = 0 (solid lines) and at Ry,1, = 50 K/W

(dashed lines).
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Figure 15. Collector currents (a) and junction temperatures (b) of BJTs with the same values of thermal resistances

Rin1 = Ryp = 250 K/ W, different values of the shortest thermal time constants and with transfer the thermal resistance
Rip1p = 240 K/W.
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Figure 16. Diagram of the considered differential amplifier.

If BJTs have the same values of their electrical and thermal parameters, then they
conduct the same collector current (Figure 13a) and their junction temperatures (Figure 13b)
are identical. It is illustrated in Figure 13 by black dashed lines. But if only the values of
their thermal resistances are different, the thermal failure can occur. This situation is shown
in Figure 13, where red and blue solid lines relate to the BJTs with different values of their
thermal resistances (the difference amounts 4%). As seen, when the thermally steady state
T is off, and the junction temperature of T is far beyond the admissible value in contrast
to the previous case, where the junction temperatures of BJTs reached the acceptable value.

In the circuit from Figure 11, the thermal failure can be caused by different values of
the thermal time constants only. It is shown in Figure 14, where the mentioned difference
leads to the thermally steady state, in which T is off, as previously. In the computations
the following values of thermal time constants were assumed: Ty,1 = 2 ms, Ty,2 = 100 s for
Ty and Ty,7 =5 ms, Ty = 100 s for T, respectively. The device (T) with the lower value
of the shortest thermal time constant conducts the whole current and it can fail due to its
junction temperature rise (Figure 14b).

The mutual thermal interactions between transistors 77 and T, can also essentially influ-
ence the distribution of the current between the B]Ts (the results presented in Figures 13 and 15
were obtained without these interactions). It is illustrated in Figures 14 and 15. The re-
sults given in Figure 14 relate to a weak thermal interaction: the transfer thermal resis-
tance Ry;12 = 50 K/W (dashed lines), whereas in Figure 15 a strong thermal interaction:
Ry12 = 240 K/W. At the lower value of Ry,1, transistor T; (the device with the lower value
of Ty1 =2 ms) can fail due to its junction temperature rise. But if the thermal coupling is
strong, Ry;12 = 240 K/W, then at the thermally steady state both the transistors have the
same values of their collector currents and the junction temperatures. Before steady state is
reached, the oscillations of the mentioned quantities are seen (Figure 15).

The thermal couplings between the devices can be especially strong in integrated
circuits or in a power BJT with a large dimension split in some subdevices to carry out the
electrothermal analysis on the basis of the compact electrothermal model of the device. It is
worth to observe that mutual thermal couplings make it possible to reduce a difference
between values of collector currents of both the BJTs and the values of their internal
temperature. Therefore, in this case, thermal couplings protect the BJTs against a damage.

4.3. Differential Amplifier

In analog circuits, a differential amplifier circuit of the diagram shown in Figure 16 is
often used. In this Section, the operation of this circuit is considered with the excitation
voltage from the source e(t) of the shape of a rectangular pulses train. In this network the
resistance of resistors Rcq and Re; is equal to 200 €, the resistance of resistors Rpq and Rpp
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is equal to 1 k), whereas the output current of the source I is equal to 20 mA. The supply
voltage E is equal to 12 V.

Electrothermal analyses of the considered circuit were carried out for selected cooling
conditions of both the transistors. Figures 17 and 18 show the waveforms of the output
voltage Vot (f) and the internal temperatures of the transistors included in the considered
circuit Tj1(f) and Tjp(f). The calculations were made for the exciting voltage with the
shape of a rectangular pulses train with the period of 1000 s, the duty cycle of 0.5 and the
amplitude of 0.1 V.
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Figure 17. Waveforms of the output voltage (a) and the internal temperature (b) in the differential amplifier without

thermal couplings.
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Figure 18. Waveforms of the output voltage (a) and the junction temperature (b) in the differential pair with thermal
couplings taken into account.

Figure 17 shows the computation results obtained by ignoring the mutual thermal
couplings between the transistors. The individual waveforms correspond to different
values of thermal resistance of both the transistors in the range from 100 to 250 K/W.
In Figure 17b, solid lines indicate the internal temperature of transistor T;, whereas dashed
lines represent the internal temperature of transistor T».

As can be observed in Figure 17a, after increasing of thermal resistance, the amplitude
of the output voltage V,,+ decreases. This phenomenon results from the differences in the
internal temperature values of transistors T and T visible in Figure 17b. The difference
between these temperatures can even reach more than 40 °C. As it is known, the collector
current of this transistor increases as the internal temperature of the B]JT operating at a
fixed value of the base current increases. Since the sum of the collector currents of both the
transistors has a fixed value, an increase in the collector current of transistor T causes a
decrease in the current of transistor T,. As a result, the considered circuit does not operate
correctly and the shape of the output voltage differs significantly from the shape of the
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input voltage. It is worth noticing that this phenomenon occurs at a relatively low value of
the temperature difference Tih-Tjo.

Figure 18 shows the influence of mutual thermal couplings on the characteristics
of the circuit under consideration. The computations were performed for a fixed value
of thermal resistance of each of transistors Ry,1= Ry,n = 250 K/W and selected values of
mutual thermal resistance Ry, 1.

As can be seen, as the value of Ry, increases, the shape of the voltage waveform
Vout(t) changes more and more to correspond to the square wave pattern (Figure 18a). This
is due to the mutual thermal couplings between the transistors causing the temperature
difference Tj1-Tj, to be much smaller than in the case shown in Figure 17b. Therefore, from
the point of view of the proper operation of the considered system, it is important that the
transfer thermal resistance has the values similar to self thermal resistance of each of the
transistors. The easiest way to achieve this goal is to place the transistors in a common
semiconductor die. It is also worth observing that in Figures 17 and 18 the steady state is
obtained for time ¢ > 1300 s. At this steady state the waveforms of Vou(t), Tj1() and Tjp(t)
are periodical functions.

5. Conclusions

The paper analyzes the influence of thermal phenomena on the DC and dynamic
properties of selected semiconductor devices and electronic networks. It has been shown
that the non-isothermal DC characteristics of BJTs and IGBTs may have a shape significantly
different from that of the isothermal characteristics of these devices provided by their
manufacturers and measured using the pulse method.

Some of the presented non-isothermal characteristics are not functions in the math-
ematical sense and may have an S-type or N-type shape. These characteristics show an
electrothermal breakdown manifested by a change in the slope of the output characteristics
of the transistors under consideration. The transistor output voltage, at which this phe-
nomenon is visible, is typically much lower than the breakdown voltage declared by the
manufacturer. In B]Ts operating with the control of constant base current, the electrother-
mal breakdown occurs at the internal temperature exceeding the value permitted by the
manufacturer (approx. 180-200 °C), while for IGBTs, this phenomenon is already observed
at the internal temperature of approx. 60 °C.

In the case of the IGBTs included in a power module, it has been shown that the
mutual thermal couplings between the components of this module significantly change the
characteristics of the components of this module. The dissipation of power at a fixed value
in another module component causes the internal temperature of the IGBT to rise and its
output characteristics to be shifted to the left. It is worth noting that the influence of the
power dissipation of the same value in two different components of the module causes a
different increase of the internal temperature of the IGBT contained in this module and a
different course of its characteristics.

The analysis of electronic circuits has shown that due to thermal phenomena, their DC
and dynamic characteristics may significantly differ from the characteristics assumed by
the designer of these circuits. In the transistor switch, a significant change in the operating
point coordinates after switching can be observed if the supply voltage of the collector
circuit slightly exceeds the value of the output voltage of the transistor corresponding to
the electrothermal breakdown point. In this case, after 1-2 h from the moment of switching
on the transistor, the value of its collector current may increase even several times. This
phenomenon can damage the transistor contained in this circuit.

In a switch circuit with the BJT, with a high value of the resistor contained in the gate
circuit and a high value of thermal resistance of this device, a significant increase in the
transistor turn-off time can be observed, and even a latch-up effect can be obtained, at
which the transistor cannot be turned off.

It has been shown in the BJT parallel connection circuit that in the absence of mutual
thermal couplings between such transistors and even a slight difference between the values



Energies 2021, 14, 4750 16 of 18

of their thermal resistance, after a short time almost all the current is taken over by the
transistor with a higher value of thermal resistance. This disadvantageous phenomenon can
be effectively counteracted by ensuring a strong thermal coupling between the transistors,
e.g., by placing them on a common heat sink or in a common semiconductor die. When
the transfer thermal resistance between the transistors is close to self thermal resistance of
these transistors, the values of their collector currents differ slightly from each other.

In the case of a differential amplifier, the peak-to-peak value of the output voltage of
this network is observed due to the self-heating phenomenon. The shape of the output
voltage differs more from the shape of the input voltage, the higher the value of the thermal
resistance of the transistors. Taking into account the mutual thermal couplings between the
transistors included in this system allows concluding that the shape of the output voltage
of the system is similar to the input voltage.

The results of the analyses presented in this paper prove that thermal phenomena can
significantly affect the characteristics of the considered semiconductor devices and electron-
ics networks. In particular, it has been shown that as a result of self-heating the operating
point of the transistors in the circuits under consideration may change and, consequently,
damage them. It has also been shown that for the correct operation of the considered
circuits containing two transistors, mutual thermal couplings that allow minimizing the
differences in temperature inside these transistors are important. These networks can only
operate properly when such couplings are ensured. The presented investigation results
and conclusions may be important for designers of analog and switching circuits.
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