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Abstract: The paper presents the results of experimental studies that illustrate the influence of the selected factors, i.e. the size of 
soldering pads, the PCB copper area, heat-sink size as well as the dimensions and material of the housing on the transient thermal 
impedance model parameters of MOSFET. Measurements of thermal parameters were performed using the indirect electrical method. 
Parameters of the transient thermal impedance model were calculated using the estimation procedure elaborated by the authors. The 
obtained results show an influence of the system cooling parameters on thermal parameters of the semiconductor device.
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Vpliv določenih faktorjev na tranzienten termično 
impedančen model močnostnega MOSFET
Izvleček: Članek predstavlja eksperimentalne rezultate vplivov določenih faktorjev, kot so velikost spajkalnih površin, področje bakra 
na PCB, velikost hladilnika in velikost ohišja, na tranzienten termično impedančni model MOSFET. Meritve temperaturnih parametrov 
so bile opravljene s pomočjo posredne električne metode. Parametri tranzientnega modela so bili določeni na osnovi ocenjevalne 
procedure avtorjev. Rezultati kažejo vpliv hladilnih parametrov sistema na termične parametre elementa.
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1 Introduction

One of the essential phenomena influencing proper-
ties of semiconductor devices is self-heating [1, 2, 3, 
4, 5]. It appears with a rise of the semiconductor de-
vice internal temperature Tj and it is caused by the 
exchange of electrical energy dissipated in these de-
vices into heat at not ideal cooling conditions. The rise 
of the device internal temperature causes changes in 
the course of their characteristics [1, 2, 3] and strongly 
influences their reliability [6 - 11]. In order to limit the 
excess of the device internal temperature as a result 
of self-heating, proper cooling systems are used [12 – 
14]. Except of classical systems of free space cooling, 
systems of forced cooling are also applied. This group 
of cooling systems includes microchannel cooling sys-
tems [15], thermoelectric cooling systems [16] or water 
cooling systems [17]. 

An increase in the power density dissipated in mod-
ern semiconductor chips causes, that a development 
of non-typical cooling methods are used, for example 

- the microchannel heat-sinks [18, 19]. In order to as-
sure efficient electrical insulation between the case of 
semiconductor device and its heat-sink, different inter-
face materials are applied. Properties of materials are 
analyzed among others in the paper [20]. 

Heat removal to the surrounding is realised by three 
mechanisms [21, 22]: conduction, convection and ra-
diation. The efficiency of these mechanisms depends, 
among others on the value of the device internal tem-
perature and on the difference between temperature 
of the device case and the surrounding. In addition, as 
shown in the papers, e.g. [23, 24], heat transport from 
the device structure to the surroundings is carried out 
using a number of paths. Therefore, one should expect 
this efficiency to undergo some change connected 
with the changes of the power dissipated in these de-
vices and changes of the manner of their mounting. 

Thermal parameters describing the efficiency of remov-
ing the heat generated in the semiconductor device to 
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the surrounding are transient thermal impedance Zth(t) 
and thermal resistance Rth. The first of the mentioned 
parameters describes thermal properties of the device 
during the transient state, whereas the other one – at 
the steady-state. Transient thermal impedance Zth(t) of 
the electronic device is of the form [1, 3, 4, 25]
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where tthi is the i-th thermal time constant, ai – weight-
ing factor of thermal time constant, N – a number of 
time constants.

Constructors of semiconductor device cases develop 
new structures characterized by a low value of thermal 
resistance between the junction and the case of the 
semiconductor device [24]. This factor of complex ther-
mal resistance junction-to-ambient, however, is not 
dominant. In turn, the designers of the cooling system 
of a semiconductor device should include all external 
parts of the heat flow path. As it was shown, among 
others in the papers [25-30], the influence of such fac-
tors, as the dissipated power, the mounting method 
and the ambient temperature on the waveform of 
transient thermal impedance of the device can be im-
portant. As it is shown, e.g. in the papers [25, 26, 31] 
the value of thermal parameters can change essentially 
under the influence of such factors, as e.g. lengths of 
leads and the area of pads. 

On the other hand, the computer analysis of electronic 
networks needs to use computer models of the devices 
existing in this network. The accuracy of the obtained 
results of calculations depends on the accuracy of the 
used models. In order to take into account self-heating 
phenomena in computer analyses, the compact ther-
mal models of electronic devices are typically used. 
Parameters values of such model (see Eq. (1)) are de-
pendent on among others construction of the cooling 
system as well as location of the semiconductor device 
bias point [23, 30, 31].

In the paper [31] the influence of the selected factors on 
thermal resistance of semiconductor devices is consid-
ered and some formulas describing this influence are 
proposed. In turn, in the papers [2, 30, 32] it is shown, 
that the waveforms of transient thermal impedance of 
semiconductor devices depend on power dissipated in 
these devices. Unfortunately, the results of measure-
ments presented in the cited papers refer to selected 
semiconductor devices and cooling systems. Therefore, 
it is justified to carry out systematic research on the in-
fluence of the selected factors on both the waveforms 
of transient thermal impedance and parameters values 
of the thermal model for a single semiconductor de-

vice at different cooling conditions. SMD Power MOS 
transistor type IRFR420 contained in DPAK TO-252, was 
arbitrary chosen for investigations.

In section 2 the used measurement set is described. 
The considered cooling systems are presented in sec-
tion 3. The measurement results of the waveforms of 
transient thermal impedance of the considered device 
with the values of parameters describing such wave-
forms are shown in section 4.  

2 The measuring set

Transient thermal impedance is determined using the 
indirect electrical method described in [32]. In this 
method, the cooling curve [28] of the transistor is meas-
ured, whereas the voltage on the forward biased body 
diode Db of the transistor DUT is used as a thermally-
sensitive parameter. The measurements performed by 
the authors show, that the thermometric characteristic 
vD(T) describing the dependence of the forward volt-
age of the body diode on temperature of the transistor 
at the constant body diode current IM=1 mA is linear in 
the range of temperature from 25 to 110oC. Measure-
ments are realized in three steps using the measure-
ment set shown in Fig.1. At first, the calibration of the 
characteristics vD(T) is carried out. Next, heating of the 
tested transistor operating in the saturation range is re-
alized. This step of measurement is finished, when the 
device thermally steady state is achieved. The cooling 
step starts at time t = 0, when the transistor is switched 
off and the body diode is forward biased by the current 
IM. 

Figure 1: The diagram of the measurement set to meas-
ure transient thermal impedance of the power MOSFET

In the measuring set, the source IM forces the measuring 
current of the body diode located inside the transistor 
(DUT). The voltage source VDD and the current source IH 
set the dissipated power while the heating. Switches S1 
and S2 are controlled by the PC. As the switches S1 and 
S2 the power MOS transistors are used. The position of 
the switches depends on the measurement step. In 
calibration and cooling, the switch S1 is open and the 
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switch S2 is in position 2. While heating, the switch S1 is 
closed and the switch S2 is in position 1. The values of 
the voltage and current of the DUT are recorded using 
a 16-bit A/D converter USB-1608GX-2AO manufactured 
by Measurement Computing. Maximum sampling rate 
of the converter is equal to 500 kS/s.  

3 Cooling systems

Using the measurement system presented in Section 2, 
transient thermal impedance of the considered power 
MOS transistor at different set of the cooling system, 
were measured. The first group of measurements re-
sults relates to the transistor mounted on one of the 
PCBs, where the path mosaic of each PCB is shown in 
Fig. 2. The black color in Fig. 2 represents areas of PCB 
covered with the layer of copper. The dimensions of 
all PCBs are 51 x 33 mm. As seen, the PCB A1 contains 
copper in the solder pads and conductive paths, only, 
whereas the PCBs A2 and A3 are covered with addi-
tional layers of copper supporting the heat dissipation 
process. The PCB A2 differs from the PCB A3 in the path 
width. The considered transistor was soldered, in turn, 
to each PCB and the silicon insulating spacer and ther-
mal grease, were used. For comparison, the measure-
ments were also performed for the transistor soldered 
directly to the wires (without the PCB). This variant of 
assembly is designated by acronym A0.  

Figure 2: PCBs used for investigations

The second group of measurements relates to the same 
transistor mounted on the aluminum heat-sink (type 
A-5723 of the length 100 mm). The measurements were 
performed for the heat-sink situated in free space (FS) 
and five types of housings, i.e.: metal housing (ME1) of 
the dimensions 120 x 220 x 195 mm (volume of about 
5 litres), metal housing (ME2) of a dimensions 225 x 115 
x 345 mm (10 liters), plastic enclosure (PE1) of a dimen-
sions 170 x 85 x 70 mm (1 litre), plastic enclosure (PE2) 
of a dimensions 140 x 85 x 170 mm (2 liters) and plastic 
enclosure (PE3) of the dimensions 225 x 210 x 85 mm 
(4 litres).

4 Results

The influence of the transistor dissipated power, 
mounted on the PCB A1, on the waveform of transient 
thermal impedance is shown in Fig. 3. The values of 
Zth(t) model parameters for 3 arbitrary chosen values 
of the dissipated power are presented in Table 1. These 
values were determined using the estimation proce-
dure ESTYM, proposed by the authors [32]. 

Figure 3: The measured waveforms of transient ther-
mal impedance of the transistor mounted on PCB A1

Table 1: The values of transient thermal impedance 
model parameters of the transistor mounted on PCB A1 

P [W] 0.12 0.51 1.18
Rth [K/W] 95.34 95.56 87.37
a1 0.107 0.121 0.093
tth1 [s] 738.7 631.6 866
a2 0.471 0.597 0.572
tth2 [s] 99.33 90.25 103.1
a3 0.136 0.161 0.208
tth3 [s] 17.36 15.27 21.2
a4 0.049 0.06 0.069
tth4 [s] 2.33 2.21 2.78
a5 0.023 0.033 0.036
tth5 [ms] 387.2 359.1 473.2
a6 0.17 0.015 0.011
tth6 [ms] 0.27 1.3 17.33
a7 0.044 0.013 0.011
tth7 [ms] 40 40 40

As seen, thermal resistance is a decreasing function of 
the dissipated power and has the values of the range 
from 90 to 100 K / W. A number of thermal time con-
stants does not depend on the dissipated power and is 
equal to 7. The thermal time constants have the values 
of the range from 40 µs to 866 s.

The measurement results of transient thermal imped-
ance of the transistor mounted on various PCBs at the 
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constant dissipated power equal to 0.9 W are presented 
in Fig. 4. The values of Zth(t) model parameters for the 
measurement results (Fig. 4) are presented in Table 2. 

As seen in Fig. 4, the highest value of thermal resistance is 
obtained for the transistor operating without the PCB (A0), 
whereas the value of thermal resistance for the transistor 
operating on the PCB A2 is about twice lower. Comparing 
the Zth(t) waveforms of the transistor mounted on the PCB 
A1 and mounted on the PCBs  A2 and A3 it is observed, 
that the increase of copper area results in a decrease of 
thermal resistance, whereas the time required to achieve 
the steady state increases. This is caused by increasing 
heating capacity due to an increase of the volume of cop-
per. Analysing the contents of Table 2, the correlation be-
tween the increase of thermal resistance and the decrease 
of the longest thermal time constant τth1, is observed. The 
values of the thermal time constant τth1 vary within the 
range from more than 120 s to nearly 900 s.

Figure 4: The measured waveforms of transient thermal 
impedance of the transistor mounted on various PCBs

Table 2: The values of transient thermal impedance mod-
el parameters of the transistor mounted on various PCBs

P [W] A0 PCB A1 PCB A2 PCB A3
Rth [K/W] 118 89.03 62.1 68.93
a1 0.106 0.112 0.122 0.116
tth1 [s] 129.6 682.9 899.4 889.3
a2 0.772 0.604 0.389 0.385
tth2 [s] 29.71 92.25 127.9 127.1
a3 0.072 0.168 0.294 0.278
tth3 [s] 4.25 16.42 17.58 17.43
a4 0.034 0.063 0.106 0.133
tth14 [s] 0.648 2.35 3 2.96
a5 0.014 0.032 0.052 0.055
tth5 [ms] 1.13 415.3 483.4 473.8
a6 0.022 0.012 0.012
tth6 [ms] 12.89 24.36 16.09
a7 0.01 0.021 0.018
tth7 [ms] 40 470 380

The influence of the dissipated power as well as the 
mosaic design of the PCB on thermal resistance Rth of 
the transistor, is presented in Fig. 5. 

Figure 5: The measured dependencies of thermal 
resistance versus the dissipated power for different 
mounting methods of the transistor

The decreasing dependence of thermal resistance on 
the dissipated power is observed both for the transistor 
operating without the PCB (A0) and for the transistor 
mounted on each PCB (A1, A2, A3), due to an increase 
of convection efficiency resulting from a case tempera-
ture rise of the transistor. The strongest dependence 
Rth(p) is observed for the transistor operating without 
any PCB, because an increase of the dissipated power 
leads to the most significant temperature rise of the 
transistor. Thermal resistance of the transistor decreas-
es in the considered range of the dissipated power by 
even dozen percent. 

Figure 6: The measured waveforms of transient ther-
mal impedance of the transistor mounted on the heat-
sink and enclosed in various housings

The commonly used method for reducing thermal re-
sistance of the semiconductor device is mounting the 
device on the heat-sink. The measurements performed 
by the authors show [31] that thermal resistance is a 
decreasing function of the length of the heat-sink and 
also depends on the spatial orientation of the heat-
sink [32]. Typically, the semiconductor device, how-
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ever, does not operate individually, but is a part of an 
electronic device that is enclosed in a housing made of 
metal or plastic of the defined volume. Figure 6 shows 
the measured transient thermal impedance of the con-
sidered MOS transistor mounted on the heat-sink and 
placed inside different housings. Designations used in 
Fig. 6 are discussed in detail in section 3. The values of 
Zth(t) model parameters for the measurements results 
(Fig. 6) are presented in Table 3.

As seen in Fig. 6, the measured waveforms of transient 
thermal impedance Zth(t) of time < 0.1 s for various 
housings are generally indistinguishable. This is due to 
the fact that in the initial phase of the transistor cool-
ing, responsibility for the heat dissipation rests with the 
physical processes occurring inside the transistor as 
well as on the border between the transistor case and 
the heat-sink. The smallest value of thermal resistance 
is for the transistor operating on the heat-sink without 
housing. Value of the considered parameter increases 
with decrease of the housing volume. Apart from this, 
the use of metal enclosure results in the lower value of 
Rth in comparison to the plastic one. The differences 
in the value of Rth for all the considered cooling con-
ditions exceed even 35%. Also, the time tss required 
to obtain the thermally steady state in the transistor 
increases with an increase of thermal resistance. The 
time tss for the transistor operating on the heat-sink in-
side the smallest plastic enclosure (PE1) is about twice 
grater than for the transistor operating on the heat-sink 
without the housing. 

The influence of the enclosure material and volume on 
the thermal model parameters is visible due to various 
conductivity values of the materials used in the con-
struction of enclosure as well as various effectiveness 
of convection at the surface of the housing.

5 Conclusions

The paper presents experimental results concern-
ing the influence of the cooling system construction 
of SMD MOSFET on the transient thermal impedance 
model parameters. Decreasing dependence of thermal 
resistance on the dissipated power and the area of sol-
der pads, known from the previous work of the authors 
[23, 31], was confirmed. In addition, mounting the tran-
sistor inside the housing, even of a large volume, re-
sults in an increase of thermal resistance, whereas the 
influence of the housing volume on time of determin-
ing the internal transistor temperature is ambiguous.

Metal housing, which conducts heat between its inte-
rior and the surrounding, provides better cooling that 
the plastic one. Differences in thermal resistance be-
tween the housings made of different materials reach 
10%. Mounting the transistor on the PCB can improve 
cooling efficiency even twice. Mounting the transistor 
on the heat-sink results in even a 15 times decrease of 
thermal resistance. 

Table 3: The values of transient thermal impedance model parameters of the transistor mounted on the heat-sink and 
enclosed in various housings 

P [W] FS ME1 PE2 PE3 ME2 PE1
Rth [K/W] 4.51 5.09 5.96 5.6 4.99 6.57
a1 0.253 0.295 0.498 0.28 0.237 0.381
tth1 [s] 1212.2 1337.3 887 2178.5 1558.2 2034.8
a2 0.281 0.275 0.078 0.326 0.328 0.274
tth2 [s] 381 417 186.8 554.9 451.1 626.9
a3 0.051 0.04 0.05 0.02 0.042 0.026
tth3 [s] 2.47 3.49 1.92 16.9 3 6.553
a4 0.078 0.068 0.078 0.048 0.068 0.049
tth4 [ms] 307.5 425.5 243.5 1345 370.4 660
a5 0.131 0.12 0.113 0.082 0.122 0.087
tth5 [ms] 47.61 59.68 41.13 168.9 55.98 87.81
a6 0.12 0.112 0.108 0.117 0.115 0.107
tth6 [ms] 7.26 9.14 6.88 26.72 8.5 12.11
a7 0,061 0,065 0,053 0,082 0,059 0,053
tth7 [ms] 1,26 1,54 1,2 3,74 1,5 1,71
a8 0,025 0,025 0,022 0,095 0,068 0,059
tth8 [ms] 40 40 40 60 210 170
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The number of thermal time constants increases with 
the number of elements in the heat-flow path. The 
thermal model describing the transistor soldered to 
the wires contains only 4 thermal constants. The num-
ber of thermal constants for the transistor mounted on 
the heat-sink and operating in the housing, however, is 
even equal to 8.

As seen from the measurements of Zth(t) presented in 
section 4, the influence of the enclosure unit and area 
of copper on the PCB, results in a visible change in the 
instantaneous values of Zth(t) for times exceeding a few 
seconds. Thus, in construction of the thermal model of 
a semiconductor device together with its cooling sys-
tem, it is recommended to use the nonlinear RC Cauer 
structure [2], wherein each of the heat flow path ele-
ments are represented by the two-terminal RCs. Using 
such structure it is easy to take into account all ele-
ments of the heat flow path. 
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