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Abstract: The efficiency of the heat dissipation process generated in semiconductor devices depends
on many factors, related both to the parameters of the cooling system and environmental factors.
Regarding the latter factors, ambient temperature and volume in which the device operates are
typically indicated as the most important. However, in the case of the operation of semiconductor
devices in non-standard conditions, e.g., in stratospheric airships, the thermal parameters of the
device are significantly affected by a low value of atmospheric pressure. This paper presents a compact
thermal model of a semiconductor device, considering the effects of reduced atmospheric pressure
along with its experimental verification under various cooling conditions, thus obtaining high
compliance for computation and measurement results. The formulated model is dedicated to circuit-
level simulations, and it enables computations of the junction temperature of the semiconductor
device in a short time. It is also shown that lowering atmospheric pressure can double the value of
the junction-ambient thermal resistance.
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1. Introduction

In recent years, near-space, including the stratosphere, has been an area of great
interest for scientists from all over the world, especially in the field of solar-powered
stratospheric airship design. These airships are intended to carry large payloads (about
1000 kg) to the stratosphere (at altitudes around 20 km) for several months. Potentially,
they can be used in civilian areas, such as telecommunications, land observation, mapping,
travel and military areas, e.g., coastal surveillance [1,2].

In order to meet the expectations of high endurance, the energy system typically
consists of solar panels, lithium batteries, fuel cells and electronic control systems [3,4]. In
numerous papers, selected problems of such a system were analyzed, and in particular,
these related to thermal phenomena in the components of this system. These phenomena
are of particular importance because they influence both characteristics of semiconductor
devices [5] and their reliability [6].

Computer simulations are an important stage in the design of electronic circuits. One of
the most popular tools used to perform such simulations is SPICE (Simulation Programme
with Integrated Circuits Emphasis). SPICE is a general-purpose, open-source circuit-level
simulator dedicated to analog electronics. This program is commonly used in integrated
circuit and PCB-level design to check their integrity and to predict circuit behavior.

One of the main goals of computer simulations is the selection of system components
that allow it to work reliably. To achieve this, it is necessary to consider thermal phenomena
in computations. The models embedded in the SPICE program omit these phenomena;
therefore, the literature contains numerous compact thermal and electrothermal models
that allow for the determination of the junction temperature of both transistors and diodes.
However, none of these models consider the influence of reduced atmospheric pressure on
the thermal properties of semiconductor devices.
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However, this does not mean that there are no models of other components and
systems operating under reduced pressure in the literature. Such models are formulated
using, e.g., the finite element method. Unfortunately, models formulated in this way are
not compatible with circuit-level simulation programs, which makes them difficult to use
in the design of electronic circuits [7].

Daia et al. [8] focused on determining temperature distribution on the surface of the
photovoltaic array and the airship envelope and its change during the day due to variable
insolation and wind occurring in the stratosphere. The remaining components of the energy
system were omitted from their analysis. The authors of [9] achieved a similar goal, but
one temperature value was computed for the entire photovoltaic panel.

Zhang et al. [10] analyzed changes in gas temperature inside an airship balloon and an
airship shell with natural convection and external forced convection. Unfortunately, their
analysis does not consider thermal phenomena occurring in the energy system.

Li et al. [11] focused on examining the influence of stratospheric operating conditions
on the efficiency of photovoltaic panels placed on an airship’s surface. Unfortunately,
in their analysis, they omitted the energy conversion systems, which are a necessary
integrating component between the photovoltaic array and the load [12].

As mentioned above, the components of the energy system also include lithium
batteries. The authors of [3,13] focused on the analysis of the operation of these components
in a stratospheric airship. However, in the case of these batteries, no thermal analyses were
performed, which, as shown in [14], affect the properties of such a system operating on the
Earth’s surface.

On the other hand, Elsayedab et al. [15] presented a thermal model of a grilled heat
sink dedicated to electronic components along with its experimental verification carried
out in a wide range of changes in atmospheric pressure. The model was formulated using
the finite element method (FEM), which makes it incompatible with peripheral analysis
environments popular among designers of electronic circuits. The determination of all of
the values of the parameters of the elements of the heat flow path of the model formulated
with the use of FEM, in particular regarding the radiation and convection of heat from
individual materials, is also a serious problem.

Nevertheless, in all the articles mentioned above on electronics operating in low
pressure environments, thermal phenomena in semiconductor devices were omitted. These
devices play a key role in both power converters converting energy generated by the
photovoltaic array and the lithium battery charging control systems occurring in the
stratospheric airships mentioned before. These circuits are constructed using both low and
high-power semiconductor devices. The designers of these systems, in order to characterize
the thermal properties of semiconductor devices and to simultaneously consider their
cooling system in a thermally steady state, typically use junction-ambient thermal resistance
Rthj−a, and in order to characterize thermal transients, the junction-ambient transient
thermal impedance Zthj−a (t) is defined by the formula [16,17]

Zthj−a(t) =
Tj(t)− Ta

pth
(1)

where Tj(t) is the junction temperature waveform, Ta is the ambient temperature and pth is
the value of the step of the power dissipated in the tested device.

The thermal resistance Rthj−a, which is the value of Zthj−a(t) in a steady state, strongly
depends on many factors related both to the design of the cooling system and operating
conditions of the system. The most significant factors related to the design of the cooling
system are the dimensions of the heat sink, the material which it was made of, the use of
fans, and the use of thermal grease [18]. Ambient temperature, the junction temperature
of the device and air movement in the volume in which the device is placed [19,20] are
examples of the most significant factors describing the operating conditions of the system.
However, the dependence of junction-ambient thermal resistance on atmospheric pressure
has not been investigated so far.
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The junction temperature of the semiconductor device in a thermally steady state
depends on the value of the thermal resistance Rthj−a, and the reliability of the designed
system depends on it in a key way [6,21]. Therefore, knowledge of the dependence of
thermal resistance Rthj−a on atmospheric pressure is of particular importance for the design
of electronic systems operating in conditions of lowered atmospheric pressure, e.g., in the
stratosphere. By analyzing the properties of convection in the heat transfer process, it can
be seen that its efficiency depends on atmospheric pressure. This is due to a decrease in a
mass of air of constant volume with a decrease in pressure in this volume. The mentioned
decrease in efficiency should be visible in the course of transient thermal impedance Zthj−a(t)
and in particular in thermal resistance Rthj−a.

This article presents a new, non-linear compact thermal model of a semiconductor
device that considers the influence of atmospheric pressure on the course of its thermal
impedance Zthj−a(t). This model is dedicated to circuit-level simulations in the SPICE
program. Section 2 presents the form of the model, Section 3 describes the measurement
set-up for experimental verification and Section 4 presents the results of experimental
verification along with the discussion.

2. Form of the Model

The formulated non-linear compact thermal model of a semiconductor device has the
form of a circuit and is dedicated to the SPICE program. In this model, all mechanisms and
paths of heat transfer from the semiconductor chip to the surroundings are considered. The
circuit representation of the model is shown in Figure 1.
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The structure of the presented model is based on the classic linear Cauer RC thermal
model; however, the influence of the device junction temperature is considered (the ambient
temperature and atmospheric pressure on thermal resistances occurring in the heat flow
paths from the semiconductor chip to the surroundings). The structure of the formulated
model is an electrical analog of the heat transfer equation [22]. In the formulated model,
the voltage in node Tj is equal to the junction temperature, whereas the source VTa models
the ambient temperature Ta. The temperature values of the individual elements of the heat
flow path are represented by voltages in individual nodes. The power dissipated in the
semiconductor device is modelled by controllable current source Gpth, and the thermal
resistances of each element of the heat flow path are represented by resistors R1, R2 and R3,
which are responsible for modeling thermal resistances on the way from the junction to the
case and to the controllable voltage sources ER4 and ER5, which model thermal resistance
on the way from the case to the surroundings. The output value of each source ERi is
described with the following equation:

ERi = di·iERi·
(

Rth2·exp
(
− p − p0

pz

)
+ Rth1·(1 − a·(Ta − T0))·exp

(
−

Tj − Ta

Tz

)
+ Rth0·(1 − b·(Ta − T0))

)
(2)

In Equation (2), Rth0 is the minimum value of the thermal resistance at Ta = T0. Rth1
represents the maximum change in the value of the thermal resistance while changing the
device junction temperature and Ta = T0. Rth2 is the coefficient describing the dependence of
thermal resistance on atmospheric pressure. Coefficients a and b are ambient temperature
rates of change in thermal resistance, whereas Tz determines the slope of dependence
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Rth(Tj), and pz is the slope of dependence Rth(p). iERi is the current of source ERi, and
di is the quotient of the thermal resistance of the ith element of the heat flow path and
the semiconductor device thermal resistance Rth. The presented form of (2) is formulated
by the author on the basis of the described in literature [23] dependences of heat flux on
the gradient of temperature (heat conduction), on differences between the temperature
of the cooled surface and the ambient temperature (heat convection) and on the absolute
temperature (heat radiation) and the nonlinear compact thermal model presented in [20].

Thermal capacities in the heat flow path are marked by C1–C5. Thermal capacities
slightly depend on temperature [24] and pressure; therefore, the values of thermal capacities
are constant in the formulated model.

3. Measurement Set-Up

In order to investigate the influence of atmospheric pressure on the thermal properties
of a diode, its transient thermal impedance Zthj−a(t) was measured. To achieve this goal, the
following measurement set-up based on the one presented in [25] was used. The diagram
of this set-up is shown in Figure 2.
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The transient thermal impedance measurement using the circuit shown in Figure 2
was performed in four steps:

1. The diode voltage dependence on temperature is measured at a constant value of
measurement current IM. The slope of this characteristic is F. During this measurement
step, switch S1 is open, and the diode is placed in the thermal chamber, which is used
to set the value of the temperature. This step is realized at normal pressure.

2. The diode is heated until it reaches the thermally steady state. At the beginning of
this step, the pressure in the vacuum chamber is set. After reaching it, the value of the
power dissipated in the component is recorded as pth. During measurement, switch
S1 is closed, and current IH flows through the diode.

3. The waveform vD(t) of the diode forward voltage is recorded by an A/D converter
at a constant value of measurement current IM from time t = 0, at which switch S1 is
opened, until the thermally steady state is obtained.

4. The transient thermal impedance is calculated using the formula

Zth(t) =
vD(t = 0)− vD(t)

F·pth
(3)

The measurement error of thermal resistance using the formulated method is a decreas-
ing power function [25]. Regarding discrete devices placed on a heat sink, the measurement
error for the junction temperature equals the permissible value given that the datasheet
does not exceed 5% [26].
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During the measurements, the diode was placed in a vacuum chamber with a volume
of 80 L. The heat sink to which the diode was screwed was placed in the chamber on the
big wooden block. In order to force the ambient temperature below room temperature, the
vacuum chamber was placed in a Binder UF V (E3) freezer. DM3068 multimeters (Rigol,
Portland, OR, USA) were used to measure voltages and currents in the thermally steady
state. The circuit was powered from Keithley 2260B-30-36 (Tektronix, Beverton, OR, USA)
(VH) and DF1760SL10A (NDN, Warsaw, Poland) (VM) sources.

4. Experimental Verification

In order to verify the correctness of the model described by Equation (2), the com-
putations and measurements of the Zthj−a(t) waveforms of the selected diode operating
under various operating conditions were carried out. The tested diode was a silicon power
diode IDP08E65, with a maximum forward current of 16 A and packed in a TO-220 case.
Regarding the devices packed in the TO-220 case, it is common to use cooling systems;
therefore, the considered device was tested by placing it consecutively on an aluminum
grilled heat sink with dimensions of 75 mm × 50 mm × 35 mm.

This section presents the results of the experimental verification of the formulated
thermal model. In order to obtain this goal, Zthj−a(t) measurements of the diode were made
in various operating conditions using the measurement set-up presented in the previous
section and were compared with the computation results.

The computations were performed for the set of parameters presented in Table 1. These
parameters were determined in accordance with the method of estimating the parameters
of the compact thermal model presented in [20]. They are based on the results of the
measurements of transient thermal impedance of a semiconductor device under steady
cooling conditions.

Table 1. Values of the parameters of the thermal model of the tested diode.

parameter Rth0 [K/W] Rth1 [K/W] Rth2 [K/W] Tz [K] pz [hPa] T0 [K] p0 [hPa]

value 5.5 5.5 0.5 26 315 298 1000

parameter a [K−1] b [K−1] d4 d5 R1 [K/W] R2 [K/W] R3 [K/W]

value 6 × 10−4 8.3 × 10−4 0.716 0.1 0.8 0.92 0.061

parameter C1 [J/K] C2 [J/K] C3 [J/K] C4 [J/K] C5 [J/K]

value 0.01247 0.7172 16.86 118.5 5300

Figures 3–8 show the results of computations (lines) and measurements (points) ob-
tained for different operating conditions of the tested diode.
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In Figure 3, the measured and computed waveforms of the transient thermal impedance
of the tested diode placed on the heat sink for three values of atmospheric pressure
are presented.

According to the measurement results presented in Figure 3, the waveform of transient
thermal impedance Zthj−a(t) of the diode placed on the heat sink strongly depends on
atmospheric pressure. This dependence is visible for time t above 100 s, which means that
it relates to heat dissipation from the heat sink to the surroundings [27]. The components
of thermal resistance characterizing this process increase with a decrease in atmospheric
pressure due to a decrease in the efficiency of heat convection from the surface of the
heat sink [27]. As atmospheric pressure decreases in the studied range of its changes,
thermal resistance Rthj−a increases by over 100%. The formulated model allows accurate
modeling of the influence of atmospheric pressure on the course of the transient thermal
impedance of the diode Zthj−a(t). The discrepancy between the results of computations and
measurements does not exceed 0.5 K/W.

Figure 4 shows the transient thermal impedance of the diode placed on the heat sink
for three different values of the power dissipated in it at normal pressure (p = 1000 hPa)
and an ambient temperature of −50 ◦C.

In the studied power range, according to the data presented in Figure 4, thermal
resistance Rthj−a decreases by as much as 20%. The formulated model given by Equation (2)
allows computing the waveforms of transient thermal impedance Zthj−a(t) with high accu-
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racy. Under the considered conditions, the discrepancy between the results of computations
and measurements does not exceed 0.4 K/W. The thermal resistance Rthj−a of a diode de-
creases with an increase in the power dissipated in it. This is due to a temperature increase
in all the elements of the heat flow path from the semiconductor chip to the surroundings.
As a result, the efficiency of the convection mechanism increases, which causes a decrease
in the value of thermal resistance [22].

Figure 5 shows the dependence of the diode thermal resistance Rthj−a as a function of
the interior temperature for two values of atmospheric pressure and the set temperature
value Ta = 30 ◦C.

As can be seen in Figure 5, under the conditions of reduced pressure that is 40 times
lower than normal, the thermal resistance for the junction temperature of 150 ◦C is as much
as 130% higher than at p = 1000 hPa. This is due to the reduced efficiency of heat removal
from the heat sink at low atmospheric pressure. The effect of such a change in thermal
resistance is a significant, more than two-fold reduction in the value of the maximum
allowable power dissipated in the tested diode.

Figure 6 shows the dependence of the diode thermal resistance Rthj−a on the junction
temperature for two values of ambient temperature.

The measured and computed dependences of thermal resistance Rthj−a presented in
Figure 6 prove that, in order to correctly model the dependence of thermal resistance on
temperature, both the ambient temperature and the junction temperature should be consid-
ered. The values of thermal resistance Rthj−a, with a change in the ambient temperature by
80 ◦C, may differ by more than 20% for the same value of the junction temperature.

Figure 7 shows the dependence of the diode thermal resistance Rthj−a on atmospheric
pressure for two values of ambient temperature.

As can be seen in Figure 7, the diode thermal resistance Rthj−a is an exponentially
decreasing function of pressure. When atmospheric pressure changes from 1000 hPa to
50 hPa, it increases by over 100%. The dependence of thermal resistance Rthj−a on the
ambient temperature is weak but noticeable.

Regarding the results presented in Figures 5–7, the discrepancy between the results of
computations and measurements is at the level of the measurement error of the applied
method of transient thermal impedance [26].

In order to assess the practical usefulness of the formulated model, Figure 8 presents
the results of computations of the diode junction temperature during its cooling from the
moment of switching off for three values of atmospheric pressure. The results obtained with
the use of the author’s model (colored lines) are compared with the results obtained with
the commonly used linear model (black dashed line) and the measurement results (points).

As can be seen from the data shown in Figure 8, the use of a linear thermal model
enables accurate computation of the diode junction temperature waveforms for only one
atmospheric pressure value equal to normal pressure. When determining an increase in the
junction temperature with the use of a linear model for a pressure of 50 hPa, the computation
error is as high as 70 ◦C. Regarding the non-linear model, the greatest discrepancy between
the results of computations and measurements for pressure equal to 400 hPa does not
exceed 8 ◦C. This proves the usefulness of the formulated model.

5. Conclusions

This paper presents a compact thermal model of a diode considering the influence of
atmospheric pressure, its junction temperature and the ambient temperature. It was shown
that a power diode, in its typical cooling conditions, i.e., placed on a heat sink, exhibits
significant deterioration of its thermal properties when operating in conditions of reduced
atmospheric pressure. The cause of the deterioration of these properties is a decrease
in the efficiency of convection from the surface of the diode and the heat sink, which is
the dominant mechanism of heat dissipation from the heat sink under normal pressure
conditions. On the other hand, as the junction temperature increases, the efficiency of free
convection increases, which lowers thermal resistance by up to several dozen percent. As
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is presented in Section 4, regarding operation at low ambient temperatures, in the range of
high temperatures, no decrease in thermal resistance with increasing junction temperature
was observed.

The correctness and accuracy of the formulated model were verified experimentally,
confirming its usefulness in a wide range of changes in atmospheric pressure, ambient
temperature and junction temperature. The discrepancies between the results of compu-
tations and measurements do not exceed a few percent, so they are at the level of the
measurement error.

The formulated model may be useful for designers of electronic systems that are to op-
erate in the conditions of reduced atmospheric pressure, e.g., in the stratosphere. Omitting
the influence of atmospheric pressure on the thermal properties of semiconductor devices
when designing electronic systems to operate in such conditions results in a significant
reduction in their life span due to a much higher than expected junction temperature, which
follows from Figure 8.
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Nomenclature

Symbol Unit Explanation
Rthj−a K/W junction-ambient thermal resistance
Zthj−a(t) K/W junction-ambient thermal impedance
Tj K junction temperature
Ta K ambient temperature
pth W power dissipated in the tested device
di quotient of thermal resistance of ith element of the heat flow path
T0 K reference temperature

Rth0 K/W
minimum value of thermal resistance at an ambient temperature equal to the
reference temperature T0

Rth1 K/W
maximum change in the value of thermal resistance while changing the device
internal temperature and Ta = T0

Rth2 K/W
coefficient describing the dependence of thermal resistance on
atmospheric pressure

Tz K coefficient determining the slope of dependence Rthj−a(Tj)
pz hPa coefficient determining the slope of dependence Rthj−a(Tj)
a 1/K ambient temperature rate of change in Rth0
b 1/K ambient temperature rate of change in Rth1
p hPa atmospheric pressure
Ci J/K thermal capacitance
Ri K/W thermal resistance
F V/K slope of dependence VD(T)
vD V diode forward voltage
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