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Abstract

:

Monitoring the temperature of a semiconductor component allows for the prediction of potential failures, optimization of the selected cooling system, and extension of the useful life of the semiconductor component. There are many methods of measuring the crystal temperature of the semiconductor element referred to as a die. The resolution and accuracy of the measurements depend on the chosen method. This paper describes known methods for measuring and imaging the temperature distribution on the die surface of a semiconductor device. Relationships are also described that allow one to determine the die temperature on the basis of the case temperature. Current trends and directions of development for die temperature measurement methods are indicated.
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1. Introduction


Semiconductor elements are used to construct devices used in many industries. The solutions used in electromobility [1], renewable energy [2], health protection [3] and Internet of Things (IoT) [4] are the fastest developed. Devices that work as IoT nodes can be used in applications related to Industry 4.0 [5].



An important parameter that characterizes semiconductor elements is their operating temperature. This temperature is related to the power dissipated in the element. The more power dissipated in the junction of a semiconductor device, the higher its temperature, and thus also the temperature of its case. As a consequence, knowledge about the case temperature of the semiconductor element allows for the control of the operating conditions and for the estimation of the dissipated power [6].



The second of these parameters is currently important due to observed trends. There is a noticeable trend towards obtaining the highest possible energy efficiency of devices [7]. This is due to the increase in electricity costs [8] and the continuous increase in the number of electric loads supplied by the local battery [9].



The temperature measurement of a semiconductor element is focused on the determination of the die temperature. A properly selected temperature value at which the die operates ensures the optimal and reliable operation of the entire system and minimizes the costs associated with its construction and operation [10]. The die temperature can be determined in different ways, depending on the surface on which the measurement is performed. To illustrate the position of a die relative to other surfaces, Figure 1 shows the structure of an exemplary semiconductor element in a TO-220 case. These cases were chosen as examples because they are frequently used in electronic devices produced with through-hole technology (THT).



Figure 1 shows a cross-section of a semiconductor device in a representative TO-220 case. The upper part of the case consists of a mold body, copper plate and leads. In the visible part of the copper plate, there is a screw hole that allows for the heat sink connection. There is a die inside the mold body. The die is a small block of semiconducting material on which a given functional element is fabricated [11,12]. Examples of modern semiconductor materials are silicon Si [13], silicon carbide SiC [14] and gallium nitride GaN [15]. The die is connected to the leads with a bond wire. These are thin wires with a diameter of several to several hundred micrometers. The die is connected to the leads through a copper plate.



The current flow through the semiconductor element causes heat release in the die and thus an increase in its temperature. An excessive die temperature indicates that too much power is dissipated in the die [16]. The heat released in the die is transferred by conduction to other parts of the semiconductor element [17]. Therefore, an excessively high temperature in the case indicates that too much power is dissipated in the element, which can deteriorate the operating conditions of the semiconductor element or lead to damage in extreme situations. Deterioration of the operating conditions of the semiconductor element can result in a reduction in its useful life and in the decreased energy efficiency of the device [18].



Knowledge of the die temperature under normal operating conditions allows a possible evaluation of the correctness of the semiconductor component selection and its cooling system [19]. The low die temperature (close to ambient temperature) is, on the one hand, good information (reliable operation of the semiconductor component and low power losses), and, on the other, it informs about the possible oversizing of the component and cooling system (unjustified increase in the cost of the device). On the other hand, an excessive temperature reduces the reliability of the device (and, in the worst case, it results in damaging the semiconductor component) and indicates the need for the re-selection of the semiconductor element and the cooling system [20].



During the operation of an electronic device with a semiconductor device, information about the die temperature of the semiconductor device is important. The use of the methods described in the literature requires a measurement system with varying degrees of sophistication. The more advanced the measuring system, the more effort is needed to perform the measurement. In addition, not all methods allow the temperature of the semiconductor die to be measured during its operation when it is installed on the target printed circuit board (PCB). For this reason, information was collected about the available die temperature measurement methods and they were evaluated in terms of the advancement of the measurement system and the possibility of using the semiconductor device on the target PCB during operation.




2. Methods of Measurement of Die Temperature of Semiconductor Elements


To determine the die temperature of semiconductor elements, methods from the following three groups can be used:




	-

	
electrical methods [21];




	-

	
contact methods [22];




	-

	
non-contact methods [23].









Electrical methods are the only ones that allow direct access to the die, without the need to remove the mold body [24].



2.1. Electrical Methods for Measuring Die Temperature


2.1.1. Description


The electrical methods included in the first group of die temperature determination methods use the dependence of the selected electrical parameter on the die temperature. This parameter is called the thermal sensitive parameter (TSP). The use of the TSP is only possible for those semiconductor dies for which the relationship between the TSP value and the die temperature is known. This relationship is expressed by factor k according to Equation (1) [25].


  k =   TSP      T j     



(1)







The k factor can be determined after appropriate rescaling. For this purpose, the tested semiconductor element should be placed in a chamber with controlled internal temperature Ta. In the scaling process, it can be assumed that after a sufficiently long time interval, the set value of ambient temperature Ta = Tj. After each change in the Ta value setting and the determination of the TSP value at the set Ta values, the relationship between the TSP and Ta = Tj should be determined. To measure the value of the TSP and other signals, an analog to digital converter is usually used.



The value of the k factor obtained can be adulterated as a result of self-heating. This phenomenon results from current flow during the scaling process. There are two groups of methods that allow us to eliminate the influence of self-heating:




	
pulsed mode (switching methods);



	
continuous mode (non-switching methods) [26].








In switching methods, the current IF flows through the die only when the measurement is made. The measurement time TM is assumed to be short enough so that the Tj value during the measurement is close to the Tj value when the measurement is not performed. A disadvantage of the switching methods is the disturbances that arise in the measurement system as a result of switching.



These disturbances can be eliminated by using non-switching methods. In this method, the IF current flow during the rescaling process is so small that the self-heating phenomenon is minimal and can be neglected. This IF value is characteristic for a semiconductor element. It can be assumed that self-heating could be neglected when the power dissipated on the die during the Pj measurement is less than 1% of the maximum (catalogue) value dissipated on the die (Pjmax). When the value of current IF is too small, the relationship between the TSP and Tj is non-linear.



The following thermal sensitive parameters are used:




	
forward voltage VF;



	
threshold voltage Vth;



	
bipolar transistor current gain;



	
other (e.g., resistance of the drain–source channel of the transistor RDS as a TSP).









2.1.2. Forward Voltage of the Diode as a TSP


Among the TSP parameters indicated, the most frequently used is the relationship between the voltage at the VF junction, the current at the IF junction and the junction temperature Tj. This relationship is described by Equation (2) [27]:


       I  p n   =    I  s   [ exp (   q  V  p n     k  T j    )   −   1 ]        I  s   =    I  o    T j γ    exp (   −  E g    k  T j     )   −   1     



(2)




where Ipn is the current, q is the electron charge (1.6·10−19 C), k is Boltzmann’s constant (1.381·10−23 J/K), Vpn is the voltage across the junction, Tj is the junction temperature, γ is a constant approximately equal to 3, and Eg is the band gap of Si (1.12 eV) at T = 275 K.



The relationship between forward voltage VF and forward current IF is shown in Figure 2 [28].



The dependence VF = f(Tj, IF = const) can be determined in the circuit shown in Figure 3.



The dependence VF = f(Tj, IF = const) is linear for a wide range of IF values. When the IF value is smaller than the boundary value, the dependence VF = f(Tj, IF = const) is non-linear, as shown in Figure 3. The boundary value is characteristic for the semiconductor element [29].



Figure 4 shows the effect of self-heating caused by too much current flowing through the semiconductor. It can be seen that as the current increases, the temperature of the semiconductor element also increases. Consequently, the shape of VF = f(Tj) changes. This effect of self-heating is also evident for other TSPs.




2.1.3. Threshold Voltage of Field Effect Transistor as a TSP


The second relationship exploits the property that the threshold voltage Vth of the field effect transistor depends on the die temperature Tj, and therefore it can be used as the TSP. As the Tj value increases, the relationship between the drain current ID and the gate voltage VG changes. The Vth value can be determined using a tangent line to the ID = f(VG) characteristic at such a point that its slope and the ordinate intersection point with this tangent line are approximately equal to the slope of line that approximates the linear part of the characteristic and its ordinate intersection point. The abscissa intersection point by the tangent line allows the determination of the Vth value. The method to determine the Vth value from Tj is shown in Figure 5 [30].



The electrical circuit that allows the designation of the relationship between drain current ID and gate voltage VG is shown in Figure 6.




2.1.4. Bipolar Transistor Current Gain as a TSP


The third relationship uses the fact that the current gain β of bipolar transistors is a TSP. It is defined using Equation (3):


  β =    I C     I B     



(3)




where IC and IB are the collector and base current, respectively.



The relationship between the die temperature and current gain β is complex. The value of this relationship is affected by the doping of the transistor. The effect of the temperature on the current gain β of the bipolar transistor is minimized to improve the stability and performance of the device in which the transistor is placed. The dependence of the β value on the Tj value can be observed by analyzing the relationship between current gain β and collector current IC—see Figure 7 [31].



The electrical circuit that allows the designation of the relationship between transistor gain β and collector current IC is shown in Figure 8.




2.1.5. Other Used TSPs


Other TSPs are described in the literature. There is a known method for determining the temperature of a semiconductor diode based on the Vth value [32]. The temperature of the semiconductor structure of the unipolar transistor can be determined based on power losses [33]. It is possible to determine the temperature of a unipolar transistor based on the relationship between Tj and the resistance of the drain–source channel RDS [34]. From the TSP value of a body diode placed in the mold body of a unipolar transistor (e.g., VF, Vth), the transistor die value Tj can be determined [35]. A method is described that consists of identifying the relationship between the resistance of a single path located in the die and the Tj value. These are methods that can be implemented in the laboratory environment. Their practical application is difficult to implement and therefore is not described in this paper.




2.1.6. Summary of Electrical Methods


Electrical methods for measuring the temperature of a semiconductor die are based on the relationship between the temperature of the semiconductor die and the thermal parameter. The accuracy of these methods depends on the accuracy of the relationship determined between the TSP and die temperature. The resolution of these methods depends on the resolution of the AC/DC converter used. For this reason, in order to obtain satisfying results, these methods require an extended measurement system to be used. Additionally, using these methods to measure the temperature of the semiconductor die in an operating semiconductor device requires changing electrical circuits or using a special machine with thin spikes. For these reasons, the use of such methods for the temperature measurement of semiconductor dies in operating electronic devices is difficult.



Another disadvantage of electrical methods is the impossibility of temperature mapping on either the surface of the semiconductor component or on the surface of the case. For this reason, it is impossible to relate the temperature map to the power dissipated in the die. In addition, the use of electrical methods requires knowledge of the relationship between Tj and the TSP for the entire range of Tj. This is cumbersome, as determining the Tj = f(TSP) relationship requires additional research [36]. The relationship Tj = f(TSP) is specific for every semiconductor. For this reason, electrical methods to measure the temperatures of semiconductor devices are difficult to use outside a laboratory.





2.2. Contact Methods of Measurement of Die Temperature


2.2.1. Description of Contact Methods


The second group of methods that allow the measurement of the semiconductor die temperature are contact methods. These methods require a thermal connection between the die and the temperature sensor or between the die and liquid crystals (LC) [37]. Contact temperature measurement methods include semiconductor die temperature measurement and the measurement of semiconductor case elements. In this section, semiconductor die measurements are described. Semiconductor case temperature measurements, which are used in indirect measurements, will be described in Section 3. To conduct the measurement of the semiconductor die temperature, it is necessary to open the case, so that, without damaging the die and bond wires, the sensor (alternatively, LC) is placed directly on the die [38]. Opening the case and mounting the sensor is a difficult process and poses the risk of damaging the semiconductor element. Closing an open case to restore normal operating conditions is also difficult. Therefore, after the measurements have been made, a component with an open case is usually not suitable for further use. In addition, a die in an open case is exposed to environmental conditions that can be destructive to the semiconductor. Therefore, such a method of die temperature measurement is performed under laboratory conditions [39].



In non-laboratory applications, the sensor is applied to the case of a semiconductor element without opening it (alternatively, LC is applied to the case). However, such a measurement provides information about the case temperature, not the die temperature. In this case, the methods presented in Section 3 should additionally be used to determine the temperature of the die. Moreover, in both cases, the thermal connection of the sensor and the case (or die) can disturb the temperature distribution on the tested surface, distorting the temperature measurement results. In addition, in high-voltage circuits, contact measurement poses the risk of electrocution to the person performing the measurement, or of damaging the diagnostic equipment [40]. Regardless of the surface measured in contact methods, measurements can be carried out with the use of one of the four methods that use the following:




	
thermocouple;



	
liquid crystals;



	
thermographic phosphor;



	
thermistor and thermoresistor.









2.2.2. Thermocouple


The first method that allows die temperature measurement is one that uses a thermocouple. Thermocouple operation is based on the Seebeck phenomenon. A thermocouple consists of two different fragments of metal or metal alloys. The metals (or metal alloys) are connected to each other on one side by a weld. The other ends are not connected (free-ended). The measuring junction is applied to the die. Along with the change in the die temperature, the temperature of the measuring junction changes [41]. In turn, a change in the temperature of the measuring junction causes a change in the voltage between the free ends of the VT thermocouple.



The relationship between the VT value and the value of the weld temperature depends on the type of metal used (or metal alloys) [42]. The types of metal or metal alloy used depend on the type of thermocouple. In order for a thermocouple to work correctly, an additional system compensation circuit is required (so-called cold junction temperature compensation). One example is a system with an additional measuring circuit with a sensor (e.g., a thermistor or resistance thermometer) monitoring the actual temperature of the second junction of the thermocouple. The need for compensation and the unknown value of the weld–die thermal resistance are the main disadvantages of this method. The advantage of using a thermocouple is its wide temperature range and durability. The system utilized to measure the die with the use of a thermocouple (without a compensation system) is shown in Figure 9.




2.2.3. Liquid Crystal


The second method that allows the estimation of the die temperature is one using liquid crystal (LC). This method uses the phenomenon of changing the LC phase depending on the temperature of the surfaces on which it is applied (e.g., semiconductor die). It is possible to visualize the die temperature changes by using different colors, which are assigned to the different phases of LC. This method consists of the application of LC to the die of the semiconductor device. The LC can be a component of paint applied to the die with a brush. The LC phase change is then assessed by visual perception. To visualize the temperature distribution on the tested surface of the semiconductor element [43], all types of LC can be used, including cholesteric LC (CLC), hysteresis CLC (HCLC), smectic LC (SLC), and nematic LC (NLC) [44].



It should be remembered that the use of LC is justified [45] when the phase transition temperatures do not exceed the allowable maximum die temperature Tj [46], which means that several LC phase transitions are possible within the temperature range of the semiconductor die. In this situation, the observer can register several different colors assigned to this LC phase. The number of color transitions in the temperature range is determined by the paint manufacturer.



LC-based paint can also be used to visualize the temperature distribution on the tested semiconductor die surface. Therefore, it is possible to determine the so-called hotspots, i.e., the points on the test surface of the semiconductor die whose temperature is clearly higher than the temperature of other spots on the surface [47]. In the case of searching for hotspots [48], LCs are selected in such a way that the LC phase transition temperature is as close to the hotspot temperature as possible [49]. The greatest disadvantage of this method is the price of LC paint and the limited resolution.




2.2.4. Thermographic Phosphors


The third method to determine the temperature of the die uses thermographic phosphors. This method is similar to the method using liquid crystals. It involves the application of a ceramic powder doped with rare earth elements on the tested surface. When the powder is irradiated with ultraviolet radiation, it fluoresces. The intensity of fluorescence depends on the temperature and is assessed on the basis of visual perception. The intensity of this phenomenon decreases as the surface temperature increases [50]. This method is successfully used to measure the temperature of electronic devices [51].




2.2.5. Thermistor and Thermoresistor


The last and fourth method of contact temperature measurement for a semiconductor element is the use of a thermistor and a thermoresistor. Due to the large dimensions of a thermistor or thermoresistor case compared to a die, there have been no reported attempts to use these sensors to measure the die temperature (the performance of such a sample measurement is unknown to the authors).



However, these elements have been successfully used for measuring the temperature of a semiconductor case. Next, this semiconductor case temperature is used in indirect die temperature measurement (see Section 3). The thermistor differs from the thermoresistor in the shape of the relationship between sensor resistance RS and temperature TC. For the operating temperature range of semiconductor devices (from −55 °C to 150 °C), the relationship is RS = f(TC) for both types of thermistors, and the negative temperature coefficient (NTC) and positive temperature coefficient (PTC) are strongly non-linear—see Figure 9 [52].



For the same temperature range (−55 °C to 150 °C), the shape of the relationship RS = f(TC) for a thermoresistor is approximately a linear function. The relationship RS = f(TC) for the Pt 1000 thermoresistor is shown in Figure 10 [53].



Gluing a Pt 1000 sensor to a semiconductor device case causes a local temperature change in the mold body around the glued sensor. The same problem can be observed with a thermistor bonded to a semiconductor case. There is a problem with the unknown value of the thermal resistance between the semiconductor case and the sensor case (thermistor or thermoresistor). This problem can be solved by using an adhesive with a known thermal resistance value. The way in which the Pt 1000 sensor is connected to the measuring circuit is also important. A two-wire circuit and a four-wire circuit are used—Figure 11. The four-wire connection is used to compensate for the resistance of the Rw wires. The means of connecting the two-wire and four-wire thermoresistors are shown in Figure 12.



The greatest difficulty in this temperature measurement method is to ensure adequate thermal resistance between the temperature sensor (thermistor, thermoresistor) and the semiconductor case. To limit the temperature variation of the semiconductor case (when measuring its temperature), it is necessary to use a temperature sensor in the smallest possible case. Gluing a temperature sensor in a small case (e.g., a thermoresistor placed in a Surface-Mounted Device 0603 case) to a small semiconductor case is difficult. Soldering wires to this sensor case is also difficult. The advantages of this temperature measurement method are the easy access to thermistors and thermoresistors and the extensive descriptions of the use of these sensors that can be found in the literature.




2.2.6. Summary of Contact Methods


Contact methods for die temperature measurement do not require the use of complicated measurement systems. Their use is simple and fast. Additionally, the resolution of these methods is high. Some of these methods (thermographic phosphor and liquid crystal) allow the temperature to be mapped on the surface of a semiconductor die (or the surface of a semiconductor case) with high resolution (in the order of a few micrometers).



These methods exploit fundamental physics phenomena, such as the temperature dependence of resistance or the changes in material properties at different temperatures. Some of them (e.g., thermocouples) use additional devices that allow simple temperature measurement based on the non-linear characteristics of the thermocouple. The main disadvantage of these methods is the unknown thermal resistance between the temperature sensor and the surface of the semiconductor die (or the temperature of the semiconductor case).



An additional disadvantage is the possibility of electric shock and the inability to directly measure the temperature of the semiconductor die while the device is operating (without damaging the case). These methods allow for the contact temperature measurement of the semiconductor case. Based on this measurement and the methods described in Section 3, it is possible to estimate the temperature of the semiconductor during device operation. The thermal resolution, advantages and disadvantages of all the described methods for the contact temperature measurement of the semiconductor die are summarized in Table 1.





2.3. Non-Contact Methods of Measurement of Die Temperature


2.3.1. Description


Non-contact die temperature measurements require, as in contact methods, that the case of the semiconductor element should be opened. The temperature is determined by the observation of the die without applying any elements to it. Nevertheless, this method of measurement, similarly to contact methods, is used in a laboratory environment. The use of a non-contact method means that there is no direct contact with the tested surface (e.g., semiconductor die), and the method does not affect the temperature distribution on the surface [62]. However, pyrometric and thermographic measurements, despite their apparent simplicity, have certain limitations and difficulties resulting from the measurement conditions [63] and the properties of semiconductor devices [64]. In addition, in the case of measuring the case temperature, its result informs us about the temperature of the case rather than the die. This raises the fundamental question of the difference between the die temperature and the temperature of the observed case surface. During pyrometric and thermal imaging measurements, it is necessary to know the values of the parameters characterizing the observed surface, particularly the emissivity coefficient, and to assess the impact of the environment on the measurement result [65].



From a practical point of view, the die temperature assessment based on the non-contact measurement of the case temperature is the most optimal solution to be used in the diagnostics of operating electronic devices [66]. It should be emphasized that such a measurement requires competence in the use of pyrometers and thermal imaging cameras, as well as knowledge of the phenomena occurring during the measurement. Considering the above, non-contact methods include measurements using:




	
a pyrometer or thermal imaging camera;



	
thermoreflectance—a change in the value of the reflection coefficient;



	
luminescence.









2.3.2. Thermographic and Pyrometric Measurement of Die Temperature


The die temperature can be estimated from the surface temperature of the case measured with a pyrometer. This non-contact method consists of the detection of infrared radiation emitted from the observed surface (e.g., semiconductor die). Then, due to the physical phenomena occurring in the detector under the influence of IR radiation incident on the detector surface and based on its intensity value, the die surface temperature can be determined.



The increase in the Tj value causes an increase in the temperature value of the tested surface (Ts) and, as a result, an increase in the spectral emittance W of IR radiation emitted from this surface. The increase in the Tj value also causes a shift in the maximum wave of emitted radiation λmax towards shorter wavelengths, in accordance with Wien’s law (Equation (4)) [67]:


   λ  m a x   =   2898    T j     



(4)




where λmax—the maximum wavelength of emitted radiation (µm).



Assuming an operating temperature range of the die semiconductor element between −55 and 175 °C, a corresponding wave range of 13.28 to 6.47 can be determined based on Equation (1). This is the wave range corresponding to the LWIR sub-band. Knowledge of the IR sub-band facilitates the selection of the type of IR detector.



An important value of the observed surface that must be known in order to obtain a correct measurement is coefficient ε. In general terms, this coefficient is the ratio of the radiation emitted by a black body to the radiation emitted by the observed surface under the same conditions, i.e., at the same temperature and at the same angle [68]. In addition to these indicated factors, the ε value of die depends on:




	
the material from which the observed surface is made;



	
the condition of the die (e.g., clean, dirty, scratched);



	
the observation angle;



	
the temperature of the die surface observed [69].








The value of the emissivity coefficient can be read from tables available in the literature. This value can also be measured. The known emissivity of another surface, placed as close as possible to the surface whose emissivity is being measured, should be set on the thermal imaging camera. The temperature of both surfaces should be the same. The temperature surface with the known emissivity should then be measured. In the last step, we observe the surface with unknown emissivity and change the set emissivity so that the temperature measurement value of both surfaces is the same. The result of the temperature measurement of the semiconductor die depends on the selected value of the emissivity coefficient. If the selected emissivity coefficient value differs from the actual emissivity coefficient value, the measured temperature value may be subject to error. The relationship between the set emissivity coefficient value and the measured Tjm temperature of the semiconductor die is shown in Figure 13.



The pyrometer allows for the non-contact temperature measurement of a single point. It is impossible to obtain a temperature distribution over the entire test surface of the die. For this reason, thermal imaging cameras equipped with infrared detector arrays are used to measure the die temperature. The dies used can differ in the type of detector and spatial resolution and they can have different spectral ranges. As mentioned, the spectral range of the waves mimicked by the semiconductor element coincides with the LWIR sub-range. For this reason, two types of IR radiation detectors are most commonly used:




	
microbolometer;



	
detector based on Strained Layer Superlattice (SLS).








The microbolometer (one pixel from an array of uncooled detectors) is an IR detector whose resistance increases as the intensity of IR radiation incident on the detector surface increases. Roughly, it is a square with a side of approximately 17 µm [70]. The microbolometer sensor does not require cooling, which increases the application area of a camera using the sensor [71]. It usually works in the long wave infrared (LWIR) band. The microbolometer time constant is approximately 20 ms [72]. For this reason, obtaining a high measurement frequency (above 50 frames per second) with the use of microbolometer arrays is impossible. There are commercially available cameras with arrays of microbolometer sensors that allow for the measurements to be taken at a frequency of 80 fps (frames per second). This is possible in measurements performed when the detector is not stabilized. The method of obtaining such a measurement frequency using a microbolometer sensor is commercially confidential and it is not described by manufacturers [73].



The third group of the mentioned Strained Layer Superlattice (SLS) detectors operate on the basis of superlattices. These are detectors operating in the LWIR and MWIR bands [74]. Their greatest advantage is the integration time (depending on the selected temperature range) from 0.028 ms to 0.16 ms. As a consequence, it is possible to obtain a high measurement frequency in the order of thousands fps (frames per second). Dies based on these detectors are characterized by a high spatial resolution in the order of megapixels. The greatest advantages of SLS detectors can be seen when their operation is limited to the LWIR band (with the use of filters). Compared to other detectors operating in this band, it is possible to improve the measurement frequency, homogeneity and stability [75].



Due to the wavelength, SLS-based detectors can also be used. Regardless of the type of detector used, thermograms recorded with a thermal imaging camera can be sent via a USB (or Ethernet) interface to a computer with appropriate software installed. This allows for the further processing and storage of thermograms. Often, when measuring the temperature of electronic components, the thermal imaging camera is placed on a tripod. This makes it possible to obtain a stable thermogram (no hand vibrations) and a constant distance between the observed surface and the thermographic camera lens. A diagram showing the measurement system consisting of a thermal imaging camera, a tripod and a computer is shown in Figure 14.



The temperature of the semiconductor die Tj resulting from the thermogram depends on the conditions prevailing at the time of measurement. The value of thermal imaging temperature measurement is affected by the emissivity coefficient ε [76], reflected temperature Tr [77], distance between the lens and the observed object d [78], ambient temperature Ta [79], transmittance of the atmosphere τa, temperature of the external optical system Tl [80], transmittance of the external optical system τl [81] and relative humidity ω [82]. In addition, the thermographically measured die temperature depends on the viewing α [83], and the sharpness of the recorded thermogram Tus [84].



Based on research carried out, it has been proven that in thermographic temperature measurements of the die surfaces of semiconductor elements Tj, when the distance between the die and the lens of the thermal imaging camera is small (in the order of millimeters), ω and τa have the smallest impact on the camera indication. In turn, τl, Tus and α have the largest influence. The distance d also has a great influence on the result of thermal imaging temperature measurement Tj. This is the case when a macro lens is used, and when this type of lens is applied, even a small change in d, in the order of tenths of a micrometer, affects the indication of the thermal imaging camera and reduces the sharpness of the recorded thermogram. This is due to the shallow depth of field of the lens. The correct sharpness can only be obtained for the value of d = WD (work distance) specified by the manufacturer. For the distance d used in thermal imaging measurements of the surface temperatures of semiconductor elements (d < 1 m), the value of τa is close to 1 [85,86].




2.3.3. Thermoreflectance


Another method to determine the die temperature uses the change in the refractive index of radiation caused by the die temperature change [87]. The method that uses this property relies on measuring the relative change in the reflectance of the material as a function of the material temperature. The reflectance change depends on the wavelength of incident radiation, the properties of the material and its surface and the ambient temperature. For temperatures in the range of temperature Tj, the value of the reflectance coefficient (thermal reflectance) can be considered constant [88]. The relative change in optical reflectance with the temperature is quite small, being in the order of 10−5 K−1 to 10−4 K−1.



The measurement system allowing for the measurement of the surface temperature based on the dependence of the reflectance coefficient on the temperature is shown in Figure 15.




2.3.4. Luminescence


Temperature measurement on the semiconductor die surface is also possible using the phenomenon of luminescence. This phenomenon is caused by external stimulation—for example, an electric field or by photo-excitation. As a result of the recombination of electrons and holes (with the peak energy occurring in direct band gap materials at the band gap energy), radiation is emitted. There are two types of luminescence: electroluminescence and photoluminescence. In the first case, electrons and holes are injected through the pn junction. In photoluminescence, the source of electrons and holes is external optical excitation. This method has a limitation: it is only useful for measuring the temperature of the direct band gap semiconductors. An example of this type of semiconductor is GaAs. Descriptions of electroluminescence and photoluminescence for the temperature measurement of complex semiconductor devices can be found in the literature. The resolution of the photoluminescence method can be 1 °C [89].




2.3.5. Summary of Non-Contact Methods


Non-contact methods of measuring the temperature of a semiconductor die eliminate some hazards, such as electric shock. They do not require the electrical circuit to be changed during the temperature measurement. This is a major advantage when the temperature of a semiconductor element is measured while the semiconductor is in operation. This group of methods also has disadvantages. These include the need for knowledge of the various phenomena occurring during the measurement and knowledge of the influence of external conditions on the temperature measurement result (this is particularly evident in thermography). Another disadvantage is the high cost of equipment (e.g., a thermal imaging camera with an SLS-based IR detector)—Table 2.






3. Determination of Die Temperature Based on the Case Temperature


The methods that are described in Section 2.2 and Section 2.3 allow the surface temperature to be measured. The die temperature of the semiconductor element is located inside the housing. In order to estimate the die temperature of a semiconductor element on the basis of the known temperature of the case (measured by contact and non-contact methods), one of the methods described below must be used.



3.1. Die–Case Thermal Resistance


The simplest method to determine the value of Tj from the measured value of TC is based on comparing a thermal circuit to an electrical circuit. In this comparison, the electric potential V corresponds to the temperature T, the electric current corresponds to the heat flux, and the electrical resistance R corresponds to the thermal resistance θjc. The general relationship between the values of Tj, TC and θjc is described in Equation (5) [97].


   T j  =  θ  j c    P j  +  T C   



(5)




where θjc is the junction–case thermal resistance; Pj = VI is the power dissipation on the die.



In practical solutions, the thermal impedance or Zth function Zθjc(t) is determined instead of θjc. For a semiconductor device that is heated with a constant value of Pj, for starting time t = 0, and while its case surface is properly connected to the heat sink, the value of Zθjc(t) can be defined by Equation (6) [98].


   Z  θ j c    ( t )  =    T j   ( t )  −  T j   (  t = 0  )     P j     



(6)







A method that enables the determination of the value of θjc is the Transient Dual Interface Measurement method mentioned in the JEDEC standards [99]. This method could be applied for semiconductor devices with a heat flow through a single path—a high conductive heat flow path from the die surface (that is heated) to a package case surface, which can connect it to an external heat sink. Changing the cooling conditions in the semiconductor package does not affect the thermal impedance value until the temperature in the case starts to rise. Then, the impact is revealed at the point where there is contact with the heat sink. When the value of the resistance of this contact is different, the total thermal resistance at the steady state also changes. For this reason, the impedance curves from the point at which external contact resistance makes an impact have different waveforms. The cumulative thermal resistance at the point of separation of the curves obtained for different contact resistance values is defined as θjc [98].



In practice, the value of transient thermal resistance Zth is often used. The value of Zth(t) at the steady state is equal to the thermal resistance Rth [100]. In order to determine the Zth value for a semiconductor diode, a method with two current sources, measuring IM and heating IH, can be used. In order to use this method, three steps must be performed: calibration, heating and cooling. The diode under the test is placed in the thermostat.



In the first step, a calibration curve is determined. An IM current of a suitably selected value flows through a diode polarized in the conduction direction and slowly changes inside the thermostat (with this, the temperature of the diode changes). As a consequence, it is possible to estimate the slope F of the thermometric characteristic curve. The forward voltage VF is used as the TSP during the flow of the IM current [101].



In the second step, the selected thermostat temperature is set. A high IH current (IH >> IM) flows through the diode tested. The temperature of the tested diode increases. This step ends when the thermal steady state of the diode under the test is reached. At the end of this step, the voltage across the VH diode is recorded.



The cooling stage (step 3) starts at t = 0, when the current IH stops flowing through the tested diode. During this step, a small IM current flows through the diode. Measurements of the forward voltage of the tested diode vF(t) are recorded until the steady state is reached. In [102], it is assumed that Zth can be determined as follows:


   Z  t h    ( t )  =    v F   (  t = 0  )  −  v F   ( t )    F ·  V H  ·  I H     



(7)







When determining the Zth value for MOSFET transistors, a forward voltage body diode can be used as a TSP. For IGBT transistors, the gate-emitter voltage VGE can be used as a TSP [103] or an anti-parallel diode VD [104] can be used.



The Zth value can be obtained as a result of simulation work. This is possible, for example, using the SPICE MultiSIM software. On their websites, the manufacturers of semiconductor devices often offer free models of such devices, which can be easily implemented in the applied software. The time required to obtain an accurate Zth waveform is long. For this reason, the piecewise linear electrical circuit simulation (PLECS) method can be used for the simulation work, which enables thermal modeling using the parameters of a linear RC circuit (Cauer or Foster). In [105], it was proposed to use this method to determine the Zth value of an Insulated Gate Bipolar Transistor (IGBT).




3.2. Finite Element Method


3.2.1. Natural Convection


The Tj value can be determined based on the known TC value and the thermal conductivity of the mold body. The difference in both temperatures Tj and Tc in the x-direction can also be determined using Equation (8) [106]:


  q = − k   ∂ T   ∂ x    



(8)




where q is radiative heat flux in W/m2, and k is thermal conductivity W/m·K.



After separating the variables and integrating Equation (8) on both sides, determining the time constant, when q penetrates the semiconductor case, Equation (8) takes the form of Equation (9):


   T 1  −  T 2  =  P  S · k   · x  



(9)




where T1 is the temperature at the starting point of the analyzed heat flow path (K), T2 is the temperature at the end point of the analyzed heat flow path (K), P is the total power applied to the selected wall, S is the total area of the selected wall and x is the path of the analyzed heat flow.



Relating the equation under consideration to the case of heat dissipation in the housing of a semiconductor element, Equation (9) can be written as Equation (10):


   T J  −  T C  =    P j     S C  ·  k C    · x  



(10)




where Tj is the semiconductor die temperature (K), TC is the semiconductor case temperature and S is the total area of the selected semiconductor wall.



In practice, the temperature distribution obtained in one line (1D model) might not provide enough data. In addition, dividing the distance between the die and the casing (mold body) in one part only allows an approximate temperature difference to be obtained. For this reason, a 3D model is used to obtain more information. Numerical methods are used to obtain the temperature distribution in a solid (e.g., in the case of a semiconductor component, a 3D model). One of them is the finite element method (FEM). In the FEM method, the solid in which the temperature distribution is sought is divided into tetrahedral elements. In each tetrahedral element, the temperature field is interpolated based on the temperature at the nodes of that element and linear shape functions—see Equation (11) [107]:


  T  (  x , y , z , t  )  =   ∑   i = 1  4   H i  ·  T i   ( t )   



(11)




where Ti(t) is the nodal temperature at node i, and Hi is the linear shape function.



In consequence, it is possible to determine the difference between the semiconductor die temperature and the case temperature. In addition, it is possible to determine the difference between the case temperature and the heat sink temperature and between the semiconductor die temperature and the heat sink temperature. These calculations are time-consuming. For this reason, they are realized in a dedicated computer program, e.g., Solidworks, Comsol or Ansys. They are also possible in Matlab (with the Partial Differential Equation Toolbox).



Once the temperature differences have been determined, it is possible to evaluate the die temperature based on the measured temperature of the case or heat sink. The accuracy of the die temperature estimation depends on the accuracy of the determination of the temperature distribution on the surface of the housing or heat sink. The correct mapping of the temperature distribution on the surface of a semiconductor element requires knowledge of the amount of heat emitted by convection and by radiation. The amount of heat emitted by radiation per unit of time and unit of area is determined by the radiation coefficient hr, which can be obtained using Equation (12) [108]:


   h r  = ε ⋅   σ c   ⋅  (  T S  +  T a    ) (  T S 2  +  T a 2  )   



(12)




where σc is the 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).



The amount of heat emitted by convection per unit time and per unit area is determined by the convection coefficient hc. The hc coefficient is selected using the theory of similarity to physical phenomena. The relationships with the physical quantities that characterize the phenomenon are described using the Nusselt, Grashof and Prandtl criteria. When calculating the value of the convection coefficient for a flat area, Equation (13) is used [109]:


   h c  =   N u · k  L   



(13)




where hc 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 the height).



The Nusselt number is described by Equation (14) [110]:


  Nu = a    (  G r · P r  )   b   



(14)




where a and b are dimensionless coefficients, the values of which depend on the shape and orientation of the analyzed surface; the product Pr·Gr. Pr (-) is the Prandtl number, and Gr (-) is the Grashof number.



The Prandtl number can be obtained using Equation (15) [28]:


   P r  =   c · η  k   



(15)




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



The Grashof number can be obtained using Equation (16) [28]:


   G r  =   α · g ·  (   T S  −  T a   )  ·  ρ 2  ·  L 3     η 2     



(16)




where α is a the coefficient of expansion equal to 0.0034 (K−1), g is the gravitational acceleration of 9.8 (m∙s−2), and ρ is the air density equal to 1.21 (kg∙m−3) in 273.15 (K).



After inserting the result of Equation (14) into Equation (13), the value of the convection coefficient for natural convection can be calculated.




3.2.2. Forced Convection


The method presented above for calculating the convection coefficient (Equations (12)–(15)) is only reasonable for natural convection. This type of convection occurs when the air surrounding the semiconductor case is not moving. When the air around the semiconductor case is moving (e.g., through the cooling system), the convection is referred to as “forced convection”. In this situation, it is also possible to apply the theory of similarity to physical phenomena, but some of the equations are different. The calculation of the convection coefficient for forced convection is shown below. The convection coefficient for forced convection can be determined from Equation (17).


  Nu = C · R  e a  · P  r b   



(17)




where Nu (-)—Nuselt number, Pr (-)—Prandtl number, Re (-)—Reynolds number, C, a, b—coefficients depending on Reynolds number, C, a, b—coefficients depending on surface orientation (horizontal/vertical) and type of airflow (turbulent/laminar).



The Prandtl number can be obtained in the same way as for natural convection (Equation (15)). The Reynolds number can be obtained from Equation (18).


  Re =   V · ρ · L  η   



(18)




where V (m/s) is the average linear velocity of fluid flow.



Using Equations (13)–(18) (and the FEM method), it is possible to determine the Tj value based on the measured value of Tc, if the values of hc, hr, the properties of the semiconductor case (e.g., thermal conductivity) and the temperature of the case Tc (measured by the contact or optical method, described in Section 2.2 and Section 2.3) are known. This indirect measurement of the semiconductor die temperature has been described in the literature.



It has been shown that the difference between the semiconductor case temperature measured and the semiconductor case temperature obtained from simulations (performed with the methods presented in this paper) is approximately a few degrees Celsius (less than 5 °C). The semiconductor die temperature obtained by this method (indirect temperature measurement) has also been shown to be reliable [111].






4. Discussion


Access to the die requires that the mold body should be damaged. Electronic instruments with a damaged mold body cannot be used in an electronic device. For this reason, in practical applications, it is more common to use methods in which a temperature sensor is applied to the case of a semiconductor instrument and then the temperature of the die is determined from the measured temperature of the case.



Some of the methods presented only allow point measurements. Examples of such methods are contact methods (Section 2.2), which use an appropriately selected temperature sensor. With these methods, it is not possible to map the temperature distribution on the surface of the semiconductor element or die. In addition, applying a metal sensor to the die surface of a semiconductor device can cause damage to the die. It is also dangerous, as there is a risk of electrocution during the measurement.



The preparation of a temperature distribution map by contact methods is possible with the use of liquid crystals and thermographic phosphors. These methods only allow the evaluation of the temperature distribution on the surface of a semiconductor device or die based on visual perception. The thermal resolution of both methods is low and only approximate temperature determination is possible (see Table 1 and Table 2). Therefore, both of these methods are better suited for checking whether the temperature limit has been reached, rather than determining the temperature with specific (required) accuracy.



The mapping of the temperature distribution on the tested surface based on non-contact methods is possible with the use of thermography. Similar to a pyrometer, a thermal imaging camera records infrared radiation emitted from the observed surface. Then, as a result of physical processes taking place in the detector, an electrical signal appears at its terminals, the value of which corresponds to the temperature of the observed surface. Unlike a pyrometer, a thermal imaging camera has an array of thermal imaging detectors.



The spatial resolution of the temperature distribution of the image recorded on the examined surface depends on the spatial resolution of the detector array used. The spectral range of waves, which corresponds to the temperature range of the semiconductor die, corresponds to the LWIR sub-band.



Uncooled microbolometers and other IR detectors based on SLS technology operate in the LWIR sub-band. Uncooled microbolometers are larger. For this reason, arrays built with an SLS-based IR detector have a higher spatial resolution. Obtaining the most accurate temperature distribution on the surface under investigation is possible using a thermal imaging camera equipped with SLS detectors [112,113,114].



The accuracy of thermographic temperature measurement is lower compared to the accuracy of measurement performed using contact methods (see tables). Furthermore, the accuracy of thermographic temperature measurement depends on the conditions prevailing during the measurement. Depending on the intensity of factors affecting the value of thermographic temperature measurement, the accuracy of the measurement changes.



Another problem related to thermal imaging temperature measurement is determining the correct value of emissivity coefficient ε. The ε value depends, among others, on the condition of the observed surface and the material from which it is made. It is also dependent on the temperature of the object observed.



The measurement conducted with some non-contact methods is faster than measurement using contact methods involving the application of a temperature sensor. In the case of contact methods, heat from the tested surface is transferred to the sensor by conduction. In addition, there is unknown thermal resistance between the surface and the temperature sensor.



Heat energy is transferred to infrared sensors by means of infrared radiation, which, not unlike visible radiation, is an electromagnetic wave. The propagation speed of infrared radiation is close to the speed of light. For this reason, heat transfer via infrared radiation is faster than heat transfer by thermal conduction.



Non-contact methods are more expensive compared to contact methods. Their implementation requires the use of more advanced measuring equipment. The final price of the measurement system depends, among others, on the type of sensors used and the technical capabilities (among others, measurement frequency and spatial resolution). In the case of indirect optical methods (semiconductor case measured by optical methods and semiconductor die temperature estimated on the basis of this measurement and FEM), the measured case temperature should be related to the die temperature, taking into account the properties of the case material.



Electrical methods constitute a separate group. The advantage of electrical methods is access to the semiconductor die without having to remove the mold body. The use of electrical methods is troublesome as it requires knowledge of the relationship between the TSP value and the die temperature value. The relation between the TSP value and die temperature is specific to the semiconductor element. Determination of this relationship is possible after prior scaling for this element. This makes the method difficult to apply in practice. For this reason, electrical methods are more difficult to apply compared to contact methods and non-contact methods.



As regards measurements using contact and non-contact methods outside the laboratory, it is worth noting that, in this case, there is no direct access to the semiconductor element. For this reason, the die temperature is determined from the case temperature. This is enabled by information on the die–case thermal resistance. This information can be found in the item’s catalogue note. The use of this method additionally requires knowledge of the power dissipated in the die. For this reason, the practical use of this method is difficult.




5. Conclusions


Among the contact methods, the use of liquid crystals and the luminescence phenomenon is described. Both methods are suitable for mapping the temperature distribution, and their resolution allows for the detection of instances of exceeding the threshold temperature of the observed surface. The use of contact methods, involving the application of temperature sensors to the die of the semiconductor element, allows for the determination of the die temperature with high resolution and accuracy (see Table 1). However, their use can damage the semiconductor die. It is also dangerous because there is a possibility of electric shock.



Non-contact methods make it possible to eliminate these risks. In addition to pyrometer measurement, these methods yield a map of the temperature distribution on the tested surface with high spatial resolution. The accuracy of these methods is lower than the accuracy of the contact method (see Table 2). The result obtained by non-contact methods is affected by external conditions. The use of non-contact methods requires a more expensive measuring system compared to contact methods.



In practical applications outside the laboratory environment, access to the semiconductor die is possible only after damaging the case or as a result of using electrical methods. These are methods that allow the determination of the die temperature value on the basis of a predetermined characteristic that links this value to the value of a thermal sensitive parameter (TSP). Determination of this characteristic requires removal of the semiconductor element from the electronic device. For this reason, the use of these methods outside the laboratory environment is difficult.



Reliable measurement of the case temperature by contact and non-contact methods is possible with the use of commonly available equipment. On the basis of the case temperature measured in this way, it is possible to determine the die temperature. However, this requires the use of appropriate analysis methods that combine both of these temperatures, e.g., the FEM method. Based on the analyzed methods presented in this article, it is possible to ascertain that the best temperature measurement method (for measuring semiconductor die temperature during operation) is the indirect method. For this measurement, it is proposed to use FEM and thermographic temperature measurement of the semiconductor case.
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Figure 1. Construction of an exemplary semiconductor element placed in (a) TO-220 cross-section, (b) TO-220 view. 
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Figure 2. Relationship between forward voltage VF and forward current IF. 
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Figure 3. Electrical circuit to determine the relationship VF = f(Tj, IF = const). 
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Figure 4. Dependence of forward voltage VF on the die temperature Tj for a constant IF value. 
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Figure 5. Method to determine the value of threshold voltage Vth and the dependence of Vth on the die temperature Tj. 
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Figure 6. Electrical circuit that allows designation of the relationship between drain current ID and gate voltage VG. 
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Figure 7. Dependence of current gain β on collector current IC of the bipolar transistor. 
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Figure 8. Electrical circuit that allows the designation of the relationship between transistor gain β and collector current IC. 
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Figure 9. Die temperature measurement using a thermocouple based on a representative case of TO-220. 
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Figure 10. Relationship between sensor resistance RS and case temperature TC of the semiconductor device, where temperature is measured for (a) thermistor NTC, (b) PTC. 
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Figure 11. Cross-section of representative TO 220 case with Pt 1000 sensor glued in (a) two-wire circuit and (b) four-wire circuit. The proportions of the dimensions have not been maintained. 
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Figure 12. Relationship between sensor resistance RS and case temperature TC of a semiconductor device whose temperature is measured. 
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Figure 13. Dependence between the set value of emissivity coefficient ε and the measured semiconductor die Tjm in the same semiconductor temperature. 
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Figure 14. The use of thermal imaging cameras to measure the die temperature of a semiconductor element. 






Figure 14. The use of thermal imaging cameras to measure the die temperature of a semiconductor element.



[image: Energies 16 02559 g014]







[image: Energies 16 02559 g015 550] 





Figure 15. The measurement system allowing for the measurement of surface temperature based on the dependence of reflectance coefficient on temperature. 
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Table 1. Summarized thermal resolutions, advantages and disadvantages of all described contact methods for measuring semiconductor die temperature.
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Methods

	
Thermal

Resolution

	
Uncertainty

	
Advantage

	
Disadvantage






	
Thermocouple

	
0.5 °C [54]

	
0.42 °C [55]

	
High resolution

	
Electric shock, difficulty of temperature measurement of semiconductor die during semiconductor operation




	
Liquid Crystal

	
A few degrees Celsius [56]

	
nd

	
Possible temperature mapping




	
Thermographic

Phosphor

	
0.1 °C 1 [57]

	
nd

	
Possible temperature mapping




	
Thermoresistor

	
0.01 °C [58]

	
1.8 °C [59]

	
High resolution




	
Thermistor

	
~1 °C [60]

	
2.0 °C [61]

	
High resolution








1 Depending on the chemical composition of the LC-based paint.
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Table 2. Summarized thermal resolutions, advantages and disadvantages of all described non-contact methods to measure semiconductor die temperature.
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	Methods
	Thermal

Resolution
	Accuracy
	Advantage
	Disadvantage





	Thermographic
	0.1 [90]
	1 °C [91,92]
	High resolution, possible temperature mapping
	High cost of thermographic camera, strong environmental impact



	Pyrometric
	0.1 [93]
	2 °C [94]
	High resolution, possible temperature mapping
	Strong environmental impact



	Thermoreflectance
	0.01 [95]
	Nd
	No risk of electric shock, high resolution
	Difficult to use outside laboratory



	Luminescence
	1.0 [96]
	Nd
	No risk of electric

shock, high resolution
	Experimental method
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