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Abstract. The paper presents the computer-aided method of measuring of the transient thermal impedance of SiC BJTs. The advantages of this 
method are illustrated by means of measurements of the silicon carbide BJT operating at the different cooling conditions. 
  
Streszczenie W pracy przedstawiono komputerową metodę pomiaru przejściowej impedancji termicznej tranzystora SiC BJT. Zalety tego sposobu 
zilustrowano za pomocą pomiarów tranzystora SiC BJT pracującego w różnych warunkach chłodzenia. (Pomiary przejściowej impedancji 
termicznej tranzystora SiC BJT)   
 
Keywords: BJT, transient thermal impedance, thermal resistance, silicon carbide. 
Słowa kluczowe: przejściowa impedancja termiczna, rezystancja termiczna, tranzystor bipolarny, węglik krzemu. 
 
 

Introduction 
 Silicon carbide (SiC) is a promising wide bandgap 
material for high voltage and high temperature applications 
that meets still increasing requirements for semiconductor 
materials to produce high power devices [1-3]. Since last 
decade the market has been offering high-voltage silicon 
carbide bipolar power transistors (BJTs) [4]. 
 Increase of a device internal temperature, resulting from 
the selfheating phenomenon, as well as an increase of the 
ambient temperature have a visible impact  on the 
characteristics of a semiconductor devices including SiC 
power BJTs [5]. This must be correctly considered for an 
accurate modeling and also to ensure reliability. So, it is 
necessary to estimate the thermal parameters of these 
devices. 
 The transient thermal impedance Zth(t) of a device 
describes the device thermal properties, defined as a 
thermal response of the device for the Heaviside step 
function of the power and is defined by [6]: 
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where: Tj(t) – the internal temperature of the device (the 
junction temperature), Ta – the ambient temperature, 
pth(t)=P0·1(t) denotes the device dissipated power 
The popular and commonly used model of the internal to 
ambient transient thermal impedance is of the form               
[6, 11– 5]: 
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where: Rthj-a=Zthj-a(t)|t‒›∞ - the junction-to-ambient thermal 
resistance, the sum of ai is equal to 1, τi – the thermal time 
constant 
 The paper presents the computer-aided method of 
measuring of the transient thermal impedance and the 
thermal resistance of SiC BJT. This method is commonly 
used for measuring the considered parameters of many 
types of semiconductor devices, e. g. p-n, Schottky and 
LED diodes, transistors: IGBTs, JFETs, MOSFETs and 
MESFETs [7–12].  
 The results of a measurements of thermal parameters of 
the considered transistor working without a heat sink, and 
also placed on a heat sink at different values of the ambient 
temperature, are presented and discussed. 
 
Measuring method 

In the considered method, the base-to-emitter voltage 
vBE of a forward biased pn junction of the transistor is used 
as a temperature sensor [16].     

The measuring method consists of three major steps. In 
the first step, calibration of the vBE(Ta) isothermal 
characteristic of base-to-emitter (B-E) junction at relatively 
small fixed value of measuring current IM is performed. 
During this process the internal device temperature is 
almost equal to the ambient temperature (selfheating 
phenomenon does not appear). Additionally, the slope of 
considered characteristic is calculated by the form 
f=dvBE/dTa. In the second step, heating of the tested 
transistor using current IH is carried out. This step of a 
measurement is finished, when the device thermally steady 
state is achieved. 

In the third step, measurements of the transient thermal 
impedance based on the cooling curve of the considered 
device [13,17], are performed. During the heating 
interruption,  the automatically repeated measurements of 
the B-E junction voltage are carried out till the isothermal 
condition (Tj≈Ta) is achieved. Due to the varied rate of a 
temperature changes during cooling of the tested transistor, 
measurements at several time intervals with different 
frequency values, are performed.  The total heat-flow path 
between the transistor junction and the ambient is 
complicated and contains many different (in terms of 
construction and material) heat-transporting elements. 
Therefore, during the dissipation of a thermal power in the 
semiconductor device, very strong as well as slow 
temperature changes are observed. The fastest changes 
were observed in the case of a heat transfer from the 
elements with the smallest geometric dimensions (from the 
device junction to the leads), inversely than in the case of 
elements with larger dimensions (from the element case to 
the heat sink). Therefore, for the purposes of measuring 
thermal parameters, it is necessary to carry out 
measurements of the considered parameters with a 
different time steps, as shown in the table 1.  
 

Table 1. Frequencies of the vBE voltage measurement assigned to 
each time sections (third step) 

Time section Frequency 
0 ÷ 16 ms 12500 Hz 

16 ms ÷ 220 ms 1000 Hz 
220 ms ÷ 2,2 s 100 Hz 

2.2 s ÷ 22 s 10 Hz 
22 s ÷ 300 s 1 Hz 

300 s ÷  0.1 Hz 
 

The diagram of the measuring set is presented in figure 1. 
In the considered measuring system, the data 

acquisition device USB-1608GX manufactured by 
Measurement Computing was applied [18] in the connection 
to the PC computer. This device is equipped with the 16-bit 
analogue-to-digital converter for recording the voltage vBE of 
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the tested BJT transistor, as well as a digital-to-analog 
converter controlling the operation of the switch S. 
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Fig. 1. Diagram of the measuring system 
 

The source IM forces the measuring current of forward 
biased B-E junction of the tested transistor (D.U.T.). The 
voltage source E as well as the current source IH determine 
the dissipated power during the heating process. Diodes  
D1 – D2 eliminate undesirable influence of the heating 
current IH on the IM measuring current during the heating is 
being cut off.    

In the case where the switch S is switched off, the 
transistor is being heated, whereas the coordinates of the 
transistor's operating point depend mainly on the efficiency 
of the voltage source E and the current source IH. 
Otherwise, the IH source is being cut off, and only the 
measuring current IM flows through the base-emitter 
junction of the considered transistor. 

The waveform of a temperature as a function of time 
Tj(t) is being recorded by using the PC computer, while the 
internal to ambient transient thermal impedance  
Zthj-a(t) is calculated using equation (1).         
 

Results of measurements 
 The thermal parameters of the BT1206AC SiC power 
BJT placed in TO-247 case and operating without a heat-
sink, as well as situated on a small RAD-A5723/50-AL heat-
sink of the dimensions equal to 35x50x78 mm, at the 
different values of the ambient temperature, have been 
performed by means of the presented method of the 
measurements. The catalog parameter values of the 
considered transistor are given in table 2 [19]. The 
manufacturer did not provide the value of the junction-to-
case thermal resistance Rthjc. 
 

Table 2. The catalog parameter values of the BT1206AC transistor  
Parameter Catalog value 

VCEmax 1200 V 
IBmax 1 A 
ICmax 6 A 
Tjmax 175ºC 

 

The current-voltage isothermal input characteristics of  
B-E junction operating in the forward range, measured at 
four fixed ambient temperature values are shown in  
figure 3. 

As it is presented (Fig. 3), the increase of the ambient 
temperature results in decreasing of the vBE voltage value in 
all range of the base current shown in the figure. 

As a result of the first measurement method step, the 
thermometric characteristic vBE(Ta) of the B-E junction at the 
fixed value of the measuring current IM equal to 5 mA based 
on the measurements (Fig. 3) is shown in figure 4. The 
dependence of the vBE voltage versus ambient temperature is 
linear, whereas the slope of the considered thermometric 
characteristic is equal to -2.1 mV/C. 
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Fig. 3. Isothermal input characteristics of the B-E junction of the 
BT1206AC transistor 
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Fig. 4. Dependence of the vBE voltage on the ambient temperature  
 

The results of a measurements of the transient thermal 
impedance at a different values of the dissipated power are 
presented in figure 5.  

 

 
 
Fig. 5. Results of a measurements of the thermal impedance Zthj-a(t)  

 
As seen from figure 5, for the transistor operating 

without a heat-sink and situated on the heat sink, the 
thermal steady state appears after approximately 600 s and 
4000 s, respectively. Measured values of the thermal 
resistance depend on the dissipated power and are 
significantly higher for the transistor operating without the 
heat-sink.  

In practice, thermal models are used to determine the 
real-time internal temperature of the device [19,21-23]. 
These models are described as an electrical analog for 
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transient thermal impedance, in the form of a precisely 
defined combination of a resistance and thermal capacity, 
for example in the form of the Foster and Cauer networks 
thermal models [13,15,24-25]. Topologies of these models 
are shown in figure 6a and b respectively. 

Elements R1 - Rn and C1 - Cn from Fig. 6 represent the 
thermal properties of individual structural elements of the 
transistor and additional elements (e.g. heat sink) that 
create heat-flow paths. The number of Ri and Ci segments 
is equal to the thermal time constants number in formula 
(2). The efficiency of the current controlled source GPth 
corresponds to the thermal power output in the transistor, 
while the efficiency of the independent voltage source VTA 
represents the value of the ambient temperature. The 
internal temperature of the semiconductor element 
corresponds to the voltage at the node Tj [15, 26-30]. 

 

 
Fig. 6. Topology of the Foster (a) and Cauer (b) network thermal 
model  
 

The values of Ri and Ci elements in the Foster network 
thermal model from Fig. 6a are determined by calculations 
based on the measured transient thermal impedance 
waveforms. The values of these elements are calculated 
from the equations 3-4 [15,26]: 

 
(3)                                     Ri =  ai·Rth 

 

(4)                                     Ci=τhi/Ri 

 
where the semiconductor device thermal resistance Rth is 
equal to the sum of the resistance from R1 to Rn according 
to the equation 5 [15, 26]: 

 
(5)                           R1+R2+…+Rn = Rth 
 

In the case of the Cauer network thermal model (Fig. 
6b), the values of elements Ri and Ci appearing in the 
topology of this model are determined on the basis of the 
Foster model parameters [15,26]. 

The values of the transient thermal impedance model 
parameters ai and τi described by the equation 2, were 
estimated using the computer program ESTYM reported in 
work [20]. Values of the coefficients obtained from the 
estimation procedure for the curves shown in figure 5  are 
presented in table 3.  

As seen, the computer program designated three 
thermal time constants for curve 1, four thermal time 
constants for curves 2-4 and six thermal time constants for 
curves 5-6.  The largest number of the thermal time 
constants have been designated for high power operation 
on the heat sink. As it is presented, the number of the 
thermal time constants increases with the number of 
elements in the heat-flow path. 

Table 3.The estimated values of the coefficients for the curves from 
figure 5  

Par. 
The curve number (Fig. 5) 

1 2 3 4 5 6 
a1 0.852 0.734 0.780 0.765 0.482 0.460 
a2 0.100 0.189 0.127 0.049 0.219 0.272 
a3 0.048 0.049 0.035 0.152 0.077 0.089 
a4 - 0.028 0.058 0.034 0.111 0.123 
a5 - - - - 0.079 0.052 
a6 - - - - 0.015 0.004 
τth1 134.9 138.4 128.0 796.2 940.3 917.8 
τth2 6.91 54.66 44.06 1.165 250.9 244.8 
τth3 4E-5 4.047 4.032 0.003 0.977 0.822 
τth4 - 0.002 4E-5 4E-5 0.018 0.025 
τth5 - - - - 0.002 4E-4 
τth6 - - - - 0.001 4E-5 

 

Furthermore, the characteristics of the thermal 
resistance Rthj-a at the thermal steady state versus 
dissipated power pH measured at three different values of 
the ambient temperature for the transistor operating without 
a heat-sink and placed on the heat-sink, are shown in figure 
7 and 8, respectively.  
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Fig. 7. The characteristics of the thermal resistance Rthj-a versus 
dissipated power pH for the transistor operating without a heat-sink  
 

 
Fig. 8. The characteristics of the thermal resistance Rthj-a versus 
dissipated power pH for the transistor placed on the heat-sink 

 

As seen, the increase of the dissipated power results in 
decreasing of the Rthj-a value. For the ambient temperature 
value range up to approximately 60C a dependence of the 
Rthj-a(pH) is a monotonically decreasing function, while for 
higher values of this power no significant changes of the 
thermal resistance value are observed.  

In addition, the thermal resistance in the thermal steady 
state value at the ambient temperature equal to 25C and 
for the dissipated power value equal to 1 W is almost four 
times lower in the case of the transistor placed on a heat-
sink compared to the transistor without a heat-sink. 
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Conclusion 
The results of the measurements of  the transient thermal 
impedance as well as the thermal resistance values of the 
SiC BJT at different cooling conditions, have been 
presented. In the measurements a computer aided 
measuring system has been used. The values of the 
thermal parameters strongly depend on the dissipated 
power, ambient temperature and cooling conditions. As an 
example, value of the thermal resistance at the ambient 
temperature equal to 25C is approximately over four times 
higher than for the transistor operating with the heat-sink. It 
also turns out that in the transient thermal impedance 
model, a greater number of thermal time constants are 
required to describe the thermal properties of the transistor 
operating on the heat sink which results from a more 
complex heat flow from the inside of the element to the 
ambient.  
 In future investigations the non-linear compact thermal 
model of SiC BJTs will be elaborated which will be used to 
develop the electro-thermal SPICE model of the considered 
class of devices. 
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