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Abstract: This article concerns the indirect thermographic temperature measurement of a die of the
semiconductor diode D00-250-10. The article shows how the goal was achieved. The methodology of
selecting the point at which thermographic measurements of the temperature of the diode cases were
performed is discussed. The method of thermographic measurement of the case temperature and
the measuring system used is described. The method of simulations making it possible to obtain the
die’s temperature on the basis of thermographic casing temperature measurement is presented. In
order to enable a better understanding of the discussed issues, the construction of the diode used
and the heat flow equation are described. As a result of the work carried out, the point at which the
temperature is closest to the die temperature was indicated on the diode case. It is shown that the
difference between the casing temperature and the die temperature does not exceed 2 ◦C at the point
indicated. An indirect measurement of the die’s temperature is carried out for different values of the
power dissipated on the die.

Keywords: thermography; indirect thermographic measurement; rectifying diode; thermal modeling;
emissivity coefficient; convection coefficient; SolidWorks; diode die

1. Introduction

One of the most important issues related to the operation of semiconductor elements
is the measurement of their die’s temperature. Information about the die temperature is
needed in order to use the semiconductor element in such a way that the circuit of which it
is a part works properly. Semiconductor elements are widely used in technical fields, in
particular in electronics [1,2]. Their main tasks include rectifying the alternating current.
The need to convert alternating current to direct current also occurs when the current value
is high [3]. This phenomenon occurs, for example, in AC/DC/AC, AC/DC, and DC/AC
high power-converter systems (kVA) [4]. In turn, high power-converter systems are used,
inter alia, in the automotive industry (electromobility) [5], renewable energy sources [6],
and in the cross-border transmission of electricity [7].

One of the most important issues related to the operation of semiconductor elements
is the measurement of their die’s temperature. Information about the die temperature is
needed in order to use the semiconductor element in such a way that the circuit of which it
is a part works properly. Semiconductor elements are widely used in technical fields, in
particular in electronics and power electronics [1,2].

One of the main tasks of semiconductor elements is to rectify alternating current. The
need to convert alternating current to direct current also appears when the current value is
high [3]. This phenomenon occurs, for example, in high-power AC/DC/AC, AC/DC, and
DC/AC converter systems (in the order of thousands of voltamps) [4].

In turn, high-power converter systems are used, among others, in the automotive
industry (e.g., in the construction of electric car chargers) [5], renewable energy sources

Energies 2022, 15, 3203. https://doi.org/10.3390/en15093203 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15093203
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7877-4116
https://orcid.org/0000-0001-9342-7430
https://orcid.org/0000-0003-3021-6024
https://doi.org/10.3390/en15093203
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15093203?type=check_update&version=2


Energies 2022, 15, 3203 2 of 17

(change of the current and voltage parameters generated in wind turbines and photovoltaic
panels to parameters consistent with the grid parameters) [6], and in cross-border transmis-
sion of electricity (when the voltage parameters in the power system of one country differ
from those of the other country) [7].

One of the semiconductor elements used to build high-power converter systems is
a rectifying diode. The operation of the diode using the properties taken into account
during the design process determines the correct operation of the converter system [8].
The most commonly used materials for the production of power diodes are silicon (Si) [9]
and silicon carbide (SiC) [10]. SiC diodes are characterized by a wider band gap, greater
thermal resistance, and lower switching losses [11]. However, such a diode is much more
expensive than a diode made of Si. For this reason, despite inferior parameters, Si diodes
are also used.

Heat in semiconductor elements appears as a result of their power losses [12]. Addi-
tional factors contributing to the increase in semiconductor temperature are the processes of
the hole and electron recombination in the area of the semiconductor junction and switching
losses [13]. The temperature of the semiconductor element is also influenced by the external
temperature [14]. Semiconductor elements work properly when the semiconductor crystal
(die) works at the appropriate temperature (about 70 ◦C)—in this case, the diode properties
(e.g., the values of switching frequency, transistor amplifications, and voltage drops at the
diode semiconductor junctions) are consistent with the values selected by the designer.

As the temperature of the diode increases, the graph of the current I flowing through
the diode as a function of the voltage at the diode terminals V (I = f (V)) changes. As a
consequence, the properties of the diode (e.g., the V value) change. For this reason, the
knowledge of the die temperature of the semiconductor diode reveals the function I = f
(V) of the rectifier diode. The properties of this diode are also known. Another negative
effect of the operation of semiconductor matrices at excessive temperatures is their shorter
service life and greater susceptibility to damage [15,16]. This is connected with higher costs
due to the more frequent replacement of diodes.

An accurate understanding of the die temperature of a semiconductor diode operating
in a prototype electronic circuit may have another economic benefit, which is a precise heat
sink. Due to the power dissipated in power electronic systems, a large heat sink is used.
The selection of a smaller heat sink with the proven cooling efficiency of the semiconductor
diode die would reduce the final costs of the manufactured device. Circuits that allow
the temperature of the power semiconductor diode to be determined by indirect thermal
imaging temperature measurement can be part (node) of the IoT (Internet of Things). Such
a system may be one of the solutions implemented as part of Industry 4.0.

As the matrix is placed inside the case of the semiconductor element, direct measure-
ment of the die temperature is difficult. Opening the housing will change the operating and
cooling conditions. The heat generated in the semiconductor diode die will be transferred
directly to the air. For this reason, the die temperature measured with the case opened
will differ from the die temperature measured with the housing closed [17]. It should be
noted that semiconductor devices are made of metal or plastic, and they are constructed
in such a way that they are destroyed upon opening. For this reason, direct temperature
measurement is associated with irreversible damage to the element [18]. Such an element
cannot be reused in a constructed system.

An alternative to impractical direct measurement is indirect measurement. Indirect
measurement is the calculation of the die temperature from the housing temperature. The
case temperature can be measured using the tactile or non-tactile method. The former
method is based on the use of a temperature sensor, such as a resistor with a known
resistance value at a certain temperature, a thermistor, and a thermocouple [19].

The use of a temperature sensor placed in an overly large case (compared to the
housing of a semiconductor element) may disturb the temperature distribution in the
case of the semiconductor element. As a consequence, the measured temperature value
may differ significantly from the actual temperature. Another problem to be solved is the
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difficulty of determining thermal resistance between the sensor case and the semiconductor
case. It depends on, inter alia, the force with which the sensor housing is applied to the
semiconductor case, the size of the contact area between the two cases, and the adhesion of
both cases.

The above-mentioned problems can be solved with the help of thermal imaging.
Due to the high values of the current conducted through the diode, the safer method is
thermographic measurement [20], which is non-contact. There is then no need to touch
the diode case, which reduces the risk of electric shock. However, correct thermographic
temperature measurement of the power semiconductor diode housing is not problem-
free [21]. Power diode cases are often made of metal, with a low value of the emissivity
factor ε (ε < 0.2 for a temperature of 20–150 ◦C) and a high value of the reflectance factor
ρ. Additionally, the diode housing has the shape of a cylinder, thanks to which the
thermographic measurement of the surface temperature may be affected by an error related
to the change in angular emissivity as a function of the viewing angle [22–25].

The problem of determining the die temperature on the basis of the case temperature
has been addressed in various ways. There are known methods of measuring the thermal
resistance of the Rthj-c junction case [26]. Additionally, applications of the Cauer [27]
and Foster [28] methods are known for modeling the heat flow path on the junction–
case route. Fourier transform was also used to simplify the equations [29]. Models of
1-D [30] and 3-D [31] temperature distribution have been proposed. There is also a known
method of thermal impedance reconstruction in a heat source based on the measurement
of IR radiation on the surface of an electronic device [32]. Thermal imaging temperature
measurements were taken of LEDs and electronic components placed in TO-220 cases [33].

The research results found in the literature were not sufficient to achieve the goal of
indirect thermal imaging of the die temperature of the power semiconductor diode D00-
250-10 (IF = 250 A, UFM = 1.5 V). The research work found concerned the measurement
of a die temperature in the TO 220 [34] and TO 247 [35] cuboidal casings and concerned
elements used in lower power systems. The methodology of thermographic temperature
measurement presented therein differs from the methodology of thermographic measure-
ment of cylindrical housings: in the case of cuboidal housings, the angular emissivity does
not need to be taken into account. It should be noted that the TO 220 and TO 247 cases
were made of a polymer with a high ε value. The case of the D00-250-10 diode was shaped
like a cylinder. It was also made of metal, which offers a low ε value.

No papers were found where the temperature of the power diode was determined on
the basis of thermovision measurement of the housing temperature. For this reason, we
decided to take this measurement. To accomplish this, the following steps were taken:

- A thermogram of the power diode housing and thermogram of the diode of the power
semiconductor diode were made, and the values of the power dissipated on the diode
of the semiconductor diode were measured;

- We found a point on the power diode housing where the housing temperature was
closest to the die temperature;

- A simulation of the temperature distribution in the power diode housing was run.
On the basis of the performed measurements and simulations, we checked how
much the diode temperature differed from the temperature at the designated point of
the housing.

2. Materials and Methods
2.1. Measurement System

Performing an indirect thermovision die temperature measurement requires the knowl-
edge of temperature distribution in the case where the die is placed. The knowledge of this
distribution makes it possible to find points on the casing whose temperature is closest to
the die temperature. Determination of the temperature distribution in the case also makes
it possible to determine the difference between the die temperature and the temperature of
a selected point on the case [18,19].
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In order to find the points whose temperature is closest to the die temperature, experi-
mental work was carried out. The performed works consisted of performing thermovision
temperature measurements of selected surfaces of the D00-250-10 diode (Lamina, Piaseczno,
Poland) (IF = 250A, UF = 1.5 V). Thermovision measurements of the temperature of selected
diode surfaces were made. The temperature of the outer and inner surfaces of the diode
was measured.

The thermovision measurement of the surface temperature required the knowledge
of the ε coefficient of this surface. A large part of the D00-250-10 diode case was made of
metal. The ε value of the part of the diode made of plastic and the part of the diode made of
a material resembling porcelain was also unknown. For this reason, markers were made on
the observed surfaces, with the use of Velvet Coating 811-21 paint with a specific emissivity
coefficient value ranging from 0.970 to 0.975 for temperatures from −36 ◦C to 82 ◦C [20].
The diode, the placement of markers, and the numbers of the observed surfaces are shown
in Figure 1.
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M—sample markers.

The observed diodes (closed and opened) were placed alternately in the system
consisting of the CSU 600A power source (Megger, Dover, England) and the Flir E50
thermal imager (Flir, Wilsonville, OR, USA). The thermal imager was connected via USB
interface to a laptop equipped with Flir Tools software. The schematic diagram of the
measurement system is shown in Figure 2.
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Figure 2. Scheme of the measuring system; d—distance between observed diode and thermographic
camera lens (bigger than Flir E50 minimum focus distance in meters).

Four series of measurements were performed during the research. During the mea-
surements in a given series, the value of the current I flowing through the junction was kept
constant. The current value was measured with a UT-201 multimeter (UNI-T, Dongguan
City, China). At the same time, thermovision temperature measurements of the selected
surface of the diode case were taken. When it was noticed that the difference between
the consecutive recorded temperature values was less than the measurement error of the
thermal imager (2 ◦C or 2% of reading, for ambient temperature, whichever is greater)
in the arbitrarily assumed time of 10 min, the temperature was considered to be steady.
Thermograms were made for the established temperature of the observed surface, and the
values of I = 7.5 A, I = 10 A, I = 12.5 A, and I = 15 A.

2.2. Determination of Simulation Parameters

The transient heat transfer in the steady state can be described by Fourier’s law [22]:

J = −k∇T (1)

where ∇T is a gradient of the temperature in (K).
Equation (2) can be written in the following form:

J = −k
∂T
∂x

(2)

where x is the distance between the points where the temperature values of die and diode
case were measured (m), and J is a radiative heat flux (W·m−2).

After separating the variables and integrating Equation (2) on both sides, the time
constant can be obtained from the following boundary conditions:

for x = 0→ T = T1

for x = xk → T = T2
(3)

where xk is the end point of the analyzed heat flow path (m), T1 is the temperature at the
starting point of the analyzed heat flow path (K), and T2 is the temperature at the end point
of the analyzed heat flow path (K).

After determining the time constant, when J penetrates the entire wall, Equation (3)
takes the form of Equation (4):

T1 − T2 =
Pc

S · k xk (4)

where Pc is the total power applied to the wall (W) and S (m2) is the area of the wall
penetrated by J [W·m−2].

Analyzing Equation (4), it can be seen that the value of the temperature difference
between two points of the casing depends on the power Pc applied to the casing, the
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geometry of the analyzed part of the casing, and the material properties of the analyzed
part of the casing (k value).

Equation (4) is easy to apply for single elements with simple geometry. In the case
of elements with complex geometry, fragments of which are made of different materi-
als, numerical methods can be used. One of them is the FEA (Finite Element Analysis)
method. By definition, FEA is a numerical method for solving problems in engineering and
mathematical physics [24].

The software applied in the work performed was Solidworks 2020 SP05 (Dassault
Systèmes, Vélizy-Villacoublay, France), which uses FEA. Using this software, simulation
work was completed. Performing the simulation work required creating a model of the
observed diode. For this purpose, the observed diode was dimensioned to the nearest 1 mm.

Determining temperature distribution in the case using Solidworks requires the knowl-
edge of the power dissipated at the PN Pj junction, the value of the convection coefficient
hc, the value of the radiation coefficient hr, and thermal conductivity.

The value of Pj was determined on the basis of the measurements performed, as the
product of I flowing through the observed diode, the measured voltage drop at the diode
terminals Vd, and the cosine of the phase shift cosϕ between I and Vd.

The cosϕ value was determined experimentally. The resistance R, capacitance C, and
the inductance L of the diode were measured using an LCR HM 8118 bridge (Hameg,
Mainhausen, Germany). Based on the measured values of L and C, the reactance X of the
diode was determined. The value of ϕ was obtained as the arctangent of the quotient of X
and R. It was assumed that the entire power dissipated at the PN junction of the diode was
converted into thermal losses.

The values of the current measurement error ∆I and the voltage drop measurement
error at the diode terminals ∆Vd were determined in accordance with the UT55 multimeter
manual (UNI-T, Dongguan City, China). The measurement error of the power dissipated at
the junction ∆Pj was determined using the following formula [25]:

∆Pj = ∆I ·Vd + ∆Vd · I (5)

The hr coefficient defines the amount of thermal energy transferred to the environment
by radiation per unit time, per unit area, per unit temperature difference between the body
radiating energy and the environment. The hr value can be determined using equation [26]:

hr = ε · σc(TS + Ta)(T2
S + T2

a ) (6)

where σc is Stefan–Boltzmann constant equal to 5.67× 10−8 (W·m−2·K−4)), TS is the surface
temperature (K), and Ta is the air temperature (K).

In the case of Solidworks software, the hr value is calculated on the basis of the
equation implemented in the software and the ε value of the surface entered by the user. In
the conducted works, the ε values of individual parts of the case were selected on the basis
of the comparative method.

It was assumed that the temperature values measured on the markers (Figure 1) are
true values. The temperature of each of the selected fragments was measured by observing
the marker with the chosen value of ε = 0.97. After each temperature measurement, the
position of the observed point was changed. The point closest to the marker was observed.
The value of ε was selected until the measured temperature values were the same.

The hc coefficient was selected using the theory of similarity to physical phenomena.
Relationships with physical quantities characterizing a given phenomenon were described
using the criteria of Nusselt, Grashof, and Prandtl.

The value of hcr for a cylindrical surface can be determined by the following equation [27]:

hcr = 0.48(
g · Pr · α · d3

ν2 (Ts − Ta))

1
4 k

dr
(7)
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where hcr is the convection coefficient of the cylindrical surface (W·m−2·K−1), g is the
gravitational acceleration of 9.8 (m·s−2), dr is equal to the work roll diameter (a characteristic
size in this case) (m), Pr is the Prandtl number (–), α is a coefficient of expansion equal to
0.0034 (K−1), and ν is kinematic viscosity equal to 1.9 × 10−5 (m2·s−1).

The Prandtl number can be found using the following equation [28]:

Pr =
c · η

k
(8)

where c is the specific heat of air equal to 1005 (J·kg−1·K−1) in 293.15 (K), η is dynamic air
viscosity equal to 1.75 × 10−5 (kg·m−1·s−1) in 273.15 (K).

In the case of flat surfaces, the value of hc can be determined using the following
equation [29]:

hc f =
Nu · k

L
(9)

where hcf is the convection coefficient of flat surfaces, Nu is the Nusselt number (-), and L is
the characteristic length in meters (for a vertical wall, it is its height).

The Nusselt number can be determined from the following equation [30]:

Nu = a(Pr · Gr)b (10)

where a and b are dimensionless coefficients, the values of which depend on the shape and
orientation of the analyzed surface and the product Pr × Gr, and Gr is the Grashof number.

The Grashof number is described by the following equation [31]:

Gr =
α · g · (TS − Ta) · ρ2 · L3

η2 (11)

where ρ is air density equal to 1.21 (kg·m−3) in 273.15 (K).
The values of the a and b coefficients from Equation (10) depend on the shape and

orientation of the heat transferring surface. The values of the a and b coefficients are
presented in Table 1.

Table 1. Natural convection correlation coefficients [30]; alam is the value of coefficient a for laminar
flow, blam is the value of coefficient b for laminar flow, aturb is the value of coefficient a for turbulent
flow, and bturb is the value of coefficient b for turbulent flow.

Shape Gr·Pr alam blam aturb bturb

Vertical flat wall 109 0.59 0.25 0.129 0.33
Upper flat wall 108 0.54 0.25 0.14 0.33
Lower flat wall 105 0.25 0.25 NA NA

When analyzing Equation (5), it can be noticed that in order to determine the temperature
distribution, it is necessary to know the value of the specific thermal conductivity coefficient k.
As the metal alloys from which the diode case was made were not exactly known, the values
of coefficient k were determined by simulation. Knowing the temperature values on the diode
surfaces, the power dissipated at the junction and the values of convection and radiation
coefficients, the k values were selected so that the simulation results were consistent with the
results of thermovision measurements of the temperature of the diode case and the connector
(Figure 1). On the basis of the selected values of the thermal conductivity coefficient k, the
material from which the given surface was used was identified.

3. Results

Conducting a simulation in Solidworks requires the knowledge of the values of hcf,
hcr, and ε coefficients, and the power dissipated at the connector. The parameters used in
the simulation are shown in Tables 2–5.
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Table 2. Values of the convection coefficient for cylinder hcr, convection coefficient for the flat surface
hcf, the value of emissivity coefficient ε, thermal conductivity value, and selected material used in the
simulation, where the power dissipated on the Pj junction was 5.48 W (∆Pj = 0.43 W).

Point Number
hcr, hcf ε k

Material(W·m−2·K−1) (-) (W·m−1·K−1)

1 16.32 0.79 0.2 Epoxy
2 19.28 0.32 100 Aluminium
3 17.48 0.26 100 Aluminium
4 20.84 0.08 100 Aluminium
5 16.32 0.79 0.2 Epoxy
6 12.63 0.46 100 Aluminium
7 13.38 0.81 0.2 Epoxy
8 10.07 0.25 100 Aluminium
9 9.60 0.90 400 Copper
10 14.66 0.09 400 Copper
11 8.43 0.07 100 Aluminium
12 16.01 0.12 80 Steel
13 8.19 0.90 2.5 Porcelain
14 13.02 0.70 100 Aluminium
15 13.28 0.45 150 Silicon

Table 3. Values of the convection coefficient for cylinder hcr, convection coefficient for the flat surface
hcf, the value of emissivity coefficient ε, thermal conductivity value, and selected material used in the
simulation, where the power dissipated on the Pj junction was 8.17 W (∆Pj = 0.63 W).

Point Number
hcr, hcf ε k

Material(W·m−2·K−1) (-) (W·m−1·K−1)

1 17.60 0.79 0.2 Epoxy
2 20.76 0.36 100 Aluminium
3 18.86 0.30 100 Aluminium
4 22.25 0.10 100 Aluminium
5 17.60 0.79 0.2 Epoxy
6 13.68 0.39 100 Aluminium
7 14.43 0.84 0.2 Epoxy
8 10.82 0.19 100 Aluminium
9 10.34 0.88 400 Copper
10 15.89 0.09 400 Copper
11 9.14 0.07 100 Aluminium
12 17.34 0.11 80 Steel
13 8.90 0.87 2.5 Porcelain
14 14.30 0.87 100 Aluminium
15 14.78 0.45 150 Silicon
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Table 4. Values of the convection coefficient for cylinder hcr, convection coefficient for the flat surface
hcf, the value of emissivity coefficient ε, thermal conductivity value, and selected material used in the
simulation, where the power dissipated on the Pj junction was 9.91 W (∆Pj = 0.71 W).

Point Number
hcr, hcf ε k

Material(W·m−2·K−1) (–) (W·m−1·K−1)

1 19.01 0.79 0.2 Epoxy
2 22.44 0.35 100 Aluminium
3 20.39 0.28 100 Aluminium
4 23.78 0.06 100 Aluminium
5 19.01 0.79 0.2 Epoxy
6 14.73 0.41 100 Aluminium
7 15.54 0.84 0.2 Epoxy
8 11.73 0.26 100 Aluminium
9 10.85 0.88 400 Copper
10 16.64 0.09 400 Copper
11 9.57 0.08 100 Aluminium
12 18.08 0.12 80 Steel
13 9.32 0.88 2.5 Porcelain
14 14.91 0.92 100 Aluminium
15 15.20 0.43 150 Silicon

Table 5. Values of the convection coefficient for cylinder hcr, convection coefficient for the flat surface
hcf, the value of emissivity coefficient ε, thermal conductivity value, and selected material used in the
simulation, where the power dissipated on the Pj junction was 13.2 W (∆Pj = 0.79 W).

Point Number
hcr, hcf ε k

Material(W·m−2·K−1) (–) (W·m−1·K−1)

1 19.50 0.79 0.2 Epoxy
2 22.97 0.43 100 Aluminium
3 20.88 0.25 100 Aluminium
4 24.45 0.08 100 Aluminium
5 19.50 0.79 0.2 Epoxy
6 15.06 0.42 100 Aluminium
7 15.90 0.82 0.2 Epoxy
8 12.00 0.23 100 Aluminium
9 11.33 0.88 400 Copper
10 17.66 0.09 400 Copper
11 10.08 0.07 100 Aluminium
12 19.17 0.11 80 Steel
13 9.83 0.87 2.5 Porcelain
14 15.50 0.89 100 Aluminium
15 15.95 0.42 150 Silicon

As a result of the simulations, temperature distributions were obtained, as shown in
Figures 3–6.
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The obtained values of the differences between the simulated die temperature and the
casing point (Figure 1) are presented in Table 6.

Table 6. Differences between the die temperature and the temperature of individual points on the
case—the results were obtained on the basis of the simulation.

Point Number
Pj = 5.48 W Pj = 8.17 W Pj = 9.91 W Pj = 13.2 W

(◦C) (◦C) (◦C) (◦C)

1 0.65 0.99 1.16 1.43
2 0.49 0.59 0.65 0.87
3 0.18 0.12 0.11 0.01
4 0.24 0.17 0.23 0.93
5 0.72 0.87 1.07 1.63
6 1.28 1.9 1.94 2.69
7 1.97 1.93 2.25 3.01
8 2.16 2.35 3.46 4.26
9 0.64 1.07 1.28 1.52
10 0.74 1.2 1.45 1.78
11 1.32 1.87 2.26 3.02
12 4.59 6.32 7.55 9.87
13 4.5 6.15 7.49 9.81
14 0.54 0.74 0.88 0.99
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The correctness of the results obtained in the simulation was verified by comparing
the results of thermographic measurements of the case temperature. The comparison is
presented in Table 7.

Table 7. Comparison of the point temperature values obtained on the basis of simulations with the
results of thermovision temperature measurements made for these points.

Point
Number

Pj = 5.48 W Pj = 8.17 W Pj = 9.91 W Pj = 13.2 W

Thermovision
Measurement

Case
Temperature

from
Simulation

Thermovision
Measurement

Case
Temperature

from
Simulation

Thermovision
Measurement

Case
Temperature

from
Simulation

Thermovision
Measurement

Case
Temperature

from
Simulation

1 46.40 44.56 56.00 54.52 59.20 59.96 59.50 70.41
2 46.70 44.72 56.40 54.92 60.40 60.47 70.90 70.97
3 47.10 45.03 55.50 55.39 60.30 61.01 71.30 71.83
4 47.00 44.97 55.10 55.34 59.10 60.89 70.90 70.91
5 46.4 44.49 55.20 54.64 58.90 60.05 70.30 70.21
6 43.1 43.93 54.40 53.61 58.20 59.18 69.40 69.15
7 42.8 43.24 54.80 53.58 58.50 58.87 67.60 68.83
8 43.1 43.05 53.90 53.16 57.40 57.66 68.20 67.58
9 44.6 44.57 53.40 54.44 60.10 59.84 69.90 70.32

10 44.8 44.47 53.30 54.31 60.20 59.67 70.00 70.06
11 43.2 43.89 52.00 53.64 58.30 58.86 66.40 68.62
12 40.9 40.62 48.40 49.19 53.10 53.57 61.00 61.77
13 40.7 40.71 48.20 49.36 53.90 53.63 61.90 62.03
14 43.8 44.67 52.80 54.77 61.00 60.24 71.70 70.85
15

junction 45.7 45.21 56.40 55.51 61.60 61.12 71.10 71.84

As a result of the simulations, information was obtained on the temperature distri-
bution on the surface of the D00-250-10 diode case and inside the case. Consequently, it
was possible to find a point on the surface of the case where the temperature measured
by thermo-vision was closest to the die temperature. The case of the D00-250-10 diode is
cylindrical, and it thus differs from the case of the power semiconductor elements analyzed
so far. The work carried out did not focus on determining the parameters of the predeter-
mined heat flow path. As a result of the simulations, the temperature was determined as a
function of the distance between the die of the semiconductor diode and the point on the
housing, the temperature of which is closest to the die temperature. The obtained results
are shown in Figures 7–10.
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The acquired knowledge about the temperature distribution in the D00-250-1 diode
case, the selection of the measurement point, and the differences between the die tempera-
ture and the temperatures of individual points are useful during diagnostic work.

4. Discussion

The operating temperature of the junction of semiconductor elements is a significant
parameter ensuring their reliable work. Its value provides important diagnostic information,
but its direct measurement is difficult and, in many cases, even impossible. A solution to this
problem is the use of thermal imaging to assess the junction temperature. As an auxiliary
tool, an assessment of the junction temperature based on the results of mathematical
simulations was proposed.

The main purpose of the research presented in this article was to check whether ther-
mal imaging measurements of the semiconductor housing could be useful in assessing
the temperature of its junction. In order to determine the optimal measurement point,
appropriate simulations were carried out in Solidworks software, the reliability of which
was confirmed by thermographic measurements. Thanks to the simulation work, it was
possible to select the optimal measurement point at which the smallest temperature dif-
ference appeared between that point and the semiconductor junction. To carry out the
simulation, it was necessary to determine the coefficients of the materials from which the
diode was made. The values of these coefficients proposed by the authors were confirmed
by comparing the simulation results for different powers of the joint with the results of
thermographic measurements.

It is worthwhile noting that in the case of using the simulation results, it is possible to
carry out thermographic measurements at an appropriately selected point, as a result of
which the error in the assessment of the semiconductor junction temperature will have the
lowest values. As already mentioned, the obtained results of the temperature simulation of
the analyzed surfaces were compared with the temperature determined by other methods.
As a result of these works, it was noticed that the values of the appearing discrepancies did
not exceed the measurement error of the measuring instrument.

Due to this regularity, the combination of simulation methods and thermographic
measurements seems to be a useful tool in assessing the temperature of a semiconductor
junction on the basis of thermographic measurements of its housing. The analysis of ther-
mographic measurements and the results of simulation tests confirmed these conclusions.
At the same time, the results of the work confirmed the thermal differentiation in the
analyzed points of the support, which, if incorrectly selected, may be a source of additional
errors. As predicted and according to simulation results, the diode housing wall indicated
in this study turned out to be the best measurement area. This correctness was confirmed
for different powers emitted at the semiconductor junction of the diode.

5. Conclusions

Semiconductor elements are important parts of converter systems. Their proper work
determines the correct operation of the converter system and its lifetime. The semiconductor
elements work properly when the die temperature inside the case is not excessive.

It can be dangerous to measure the temperature of a power semiconductor diode
encased in a metal housing with a sensor held against it. The risk of electric shock can be
eliminated with the use of thermal imaging.

It is impossible to perform a direct thermographic measurement of the die as it is
placed inside the case. Instead, indirect thermographic measurement of the die temperature
can be performed. This is a measurement where the die temperature is judged from the
temperature of the case.

A large part of the diode case is made of metal, a material with a low value of
the emissivity factor ε. For this reason, when performing indirect thermographic die
temperature measurement, the ε coefficient of the observed surface should be increased,
e.g., by painting it black. The shape of the observed surface is by no means insignificant. In
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the case of thermographic temperature measurement of a cylindrical surface, it should be
remembered that the value of ε changes with the change of the viewing angle.

Analyzing the data in Table 6, three points on the D00-250-10 diode case can be selected:
points 9, 10, and 11 (Figure 1). It is difficult to perform a thermographic temperature
measurement in step 9 because it is a thread placed in the radiator. The differences between
the die temperature and the temperature of point 10 turned out to be smaller than the
differences between the die temperature and the temperature of point 11. In addition, the
case wall of the diode D00-250-10 at point 10 is flat. This makes it easier to choose the right
angle of observation. For this reason, it should be considered that point 10 is the most
suitable for making an indirect thermographic measurement of the die temperature. It was
shown that at the indicated point, the difference between the casing temperature and the
die temperature did not exceed 2 ◦C.

The presented results can be deployed in the course of other works to be pursued in the
future. One example is the development of a system for continuous indirect thermovision
temperature measurement of the die of semiconductor elements. Such a system could be
part of the Internet of Things (IoT) node.
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9. Kałuża, M.; Więcek, B.; De Mey, G.; Hatzopoulos, A.; Chatziathanasiou, V. Thermal impedance measurement of integrated
inductors on bulk silicon substrate. J. Microelectron. Reliability 2017, 73. [CrossRef]
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Diagnostics of Electronic Elements. Electronics 2020, 9, 897. [CrossRef]

17. Nishi, K. Research on Package Thermal Resistance of Power Semiconductor Devices. In Proceedings of the 35th Semiconduc-
tor Thermal Measurement, Modeling and Management Symposium (SEMI-THERM), San Jose, CA, USA, 18–22 March 2019;
pp. 61–65.

18. Gao, J.; Wang, S.; Wang, J. Thermal Resistance Model of Packaging for RF High Power Devices. In Proceedings of the 2020
International Conference on Microwave and Millimeter Wave Technology (ICMMT), Shanghai, China, 20–23 September 2020;
pp. 1–3. [CrossRef]

19. Kawor, E.T.; Mattei, S. Emissivity measurements for nexel velvet coating 811-21 between–36 ◦C and 82 ◦C, 15 ECTP Proceedings.
High Temp. High Press. 1999, 31, 551–556. [CrossRef]

20. Chaabane, R.; Faouzi, A.; Sassi, B.N. Application of the lattice Boltzmann method to transient conduction and radiation heat
transfer in cylindrical media. J. Quant. Spectrosc. Radiat. Transf. 2011, 112, 2013–2027. [CrossRef]

21. Rieth, Á.; Kovács, R.; Fülöp, T. Implicit numerical schemes for generalized heat conduction equations. Int. J. Heat Mass Transf.
2018, 126, 1177–1182. [CrossRef]
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