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Abstract  

 Precise temperature knowledge is a key parameter to estimate the performances and predict the reliability of semi-

conductor devices. As a direct temperature measurement within a channel is most of the time not achievable, a common 

approach is to measure the device surface temperature and then to use simulations to estimate the channel temperature. In 

this paper, we propose to evaluate the interests of a new thermoreflectance thermography system, for the characterization of 

AlGaN/GaN HEMTs temperature. First, this method is presented. Its advantages, such as an excellent spatial resolution 

associated with a short time acquisition necessary for pulsed modes, but also its limitations are then discussed. This method 

allows temperature measurements very close to the hot spot and then, gives a better estimation of the maximal device 

temperature that can be used to improve thermal simulation. We present extensive measurements performed with this method 

and also infra red (IR) microscopy for comparison, on multi-finger AlGaN/GaN HEMTs, under different bias conditions. 

Tests and analyses have confirmed the advantages of the thermoreflectance over IR microscopy even if further analyses still 

have to be carried out.   

 

1 Introduction 

 Over the last several years, gallium nitride (GaN) 

semiconductor technology has confirmed its potential to be 

the technology for the next generation of high frequency and 

high power application, thanks to its high breakdown 

voltage, high mobility and high current [1-3]. Furthermore, 

the development of high quality 4H-SiC substrates, leading 

to lower thermal resistance for the GaN/SiC structure, 

allowed to considerably increase microwave power 

transistors performances [4-6].  

Thermal management is a key issue: with 

dissipated powers up to several watts per millimeters, 

channel temperature can rapidly exceed acceptable values. 

Since performances and reliability of systems depend on the 

devices temperature [7], an accurate estimation of this 

temperature is absolutely necessary: on one hand 

underestimated channel temperature could lead to premature 

failure; on the other hand, overestimated temperature could 

lead to unnecessary and expensive cooling systems.  

As the hot spot is localized near the gate area under 

metallization and passivation layers, direct temperature 

measurement is impossible. Only simulation can provide 

correct temperature estimations. However, models have to 

be validated by measurements. A common practice is to 

construct a model using hypothesis, then to compare 

simulation results with measurements and to refine model if 

necessary. 

The aim of this paper is to confront a new 

thermoreflectance measurement system with a standard IR 

microscopy system [8], for the characterization of surface 

temperature of AlGaN/GaN HEMTs. Extensive 

measurements performed with this method and also IR 

microscopy, on multi-finger AlGaN/GaN HEMTs, under 

different bias conditions are presented. Results obtained 

allow validating this new characterization method.  

1.1 Device and test fixture 

Thermal characterization and mapping were made on 

an AlGaN/GaN HEMTs grown on a SiC substrate. 8x125µm 

transistors in 0.25µm gate length technology have been 

selected for these measurements.  

SiC substrates were thinned to 100µm and the chips 

have been soldered on 1.5 mm thick copper-molybdenum-

copper carriers. Device under test (DUT) were placed onto a 

15 mm thick copper test fixture. Figure 1 schematizes the 

different layers of the test assembly. Thermal grease was 

applied at the bottom of the package and at the interface 

between fixture and heat sink to ensure good thermal 

contacts. 

Temperature at the bottom of the carrier is regulated 

with a thermal chuck and controlled with a thermocouple at 

+/- 0.1°C. A DC power supply and a commercial gate pulse 
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generator are used for both DC bias measurement and 

pulsed bias measurement. 

  
Figure 1: Schema of the test assembly 

2 Thermal characterization techniques 

2.1 Infrared thermography 

The IR thermography measurement is obtained 

using a QFI brand microscope system. The samples were 

placed onto a 4 inch copper plate, vacuum-maintained onto 

a temperature controlled chuck. In DC bias measurement, an 

InSb 512x512 pixels camera is used to record the spectral 

distribution of radiations at the surface of samples and then 

to realize the device thermal mapping. In transient 

measurement, a lock-in mono pixel detector acquires 

dynamic evolution of the mean spectral distribution, from a 

small localized area. Spatial resolution of steady-state 

measurement is close to 2 µm at 20X magnification. In 

transient measurement, spatial resolution is around 20 µm, 

at 20X magnification.  

 Variations of emissivity due to material differences 

have to be compensated for a correct temperature 

measurement. Emissivity depends on material type, 

temperature, surface roughness and wavelength. To consider 

this dependence, a calibration curve of the sample is first 

performed and then the temperature can be extracted. 

 
Figure 2: Results of calibration curve for InSb camera 

 

 

Calibration consists in increasing temperature of 

non-biased sample from 50°C to 200°C with a step of 15°C 

and then records the surface radiation. A thermocouple 

placed at the bottom of the package provides the reference 

temperature. After calibration, thermal scans of the biased 

AlGaN/GaN HEMT are performed. In order to reduce the 

background measurement noise, the signal is averaged over 

100 to 150 scans each time. 

2.2 Thermoreflectance thermography 

The thermoreflectance thermography measurement is 

obtained using a Microsanj brand system [9], mounted on an 

optical table to isolate measurements from building 

vibrations. 1626x1236 pixels high speed camera is used to 

record the light reflected by the sample surface (initially 

emitted by a LED). Major benefit of such technique is its 

ability to work under visible light, allowing to achieve a 

spatial resolution lower than 1µm at 50X magnification. 

As reflectivity of material depends on wavelength [10-

11], 3 different LEDs colours can be used: green (530nm), 

blue (470nm) or white. In this case, the green colour was 

chosen, since it was providing the best contrasted image in 

the observed region (drain-gate space), as shown in figures 

3, 4 and 5. 

As for IR microscopy, a calibration is needed in order 

to calculate a thermal coefficient Cth for a given sample 

surface. The thermal coefficient depends on material type, 

wavelength of the excitation source (LED), temperature, 

roughness, waviness and planarity of the sample. This 

coefficient is part of the relation between changes of 

reflectivity ΔR and temperature variation ΔT, as shown in 

equation 1, where R0 is reflectivity for temperature T0. 
 

         ΔT = ΔR / (R0 . Cth)    (1) 

To define the coefficient Cth, a Peltier cell is placed 

under the unsoldered die and used to progressively increase 

the temperature of a non-biased sample from 25°C to 65 °C, 

while the camera records surface reflectivity variation. The 

calibration had to be performed at a 5X magnification to 

reduce the impact of the thermal expansion on the 

focalization.  

 
Figure 3: Thermoreflectance measurement using green LED 
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Figure 4: Thermoreflectance measurement using blue LED 

 
Figure 5: Thermoreflectance measurement using white LED 

In order to have all gates in the same picture frame, 

thermoreflectance scans of the AlGaN/GaN HEMT were 

performed at a 50X magnification. As the magnification 

used in measurement phase is different from the one used 

for calibration phase, temperature measurement can be 

misleading due to dependence between the numerical 

aperture and the thermal coefficient. To evaluate this effect, 

measurements using different magnifications have been 

performed on the same large gold area (typically the drain) 

with the same temperature. They have led to a thermal 

coefficient correction of -17%.  

The corrected thermal coefficient value for the 

green LED at 50X magnification is -2.13 x 10
-4

 °C
-1

 for 

passivated AlGaN surface. 

3 Temperature measurement 

3.1 Steady-state (DC bias) measurement 

DC bias measurements were first performed to validate 

both thermoreflectance system and thermal coefficient value 

previously determined. Temperature measurements were 

carried out between the gate and the drain, at the surface of 

the device. Temperatures were calculated, by averaging the 

temperatures in the gate-drain area of the two central gates. 

Measurements were performed on 3 samples for statistics. 

 

The first series of DC biased measurements are 

gathered in tables 1 and 2. For each sample, the gate-source 

voltage VGS has been chosen to obtain drain-source current 

IDS=120, 200 and 320 mA at a drain-source voltage 

VDS=25V, providing DC power densities of 3, 5 and 

8W.mm
-1

 respectively. The temperature increase ΔT = Tmax - 

Tbaseplate were extracted for both techniques and the same 

value of ΔT has been obtained that validate the 

methodology. 

 

 

ΔT [°C] IR microscopy 

DC power Sample 1 Sample 2 Sample 3 

3W/mm 38.9 35.9 40.4 

5W/mm 61.2 59.1 57.5 

8W/mm 97.8 92.9 94.4 

Table 1: DC power influence on thermal resistance, using IR 

microscopy 

ΔT [°C] Thermoreflectance 

DC power Sample 1 Sample 2 Sample 3 

3W/mm 31.1 33.1 30.9 

5W/mm 51.7 54.0 55.3 

8W/mm N.A. 97.7 101.4 

Table 2: DC power influence on thermal resistance, using 

thermoreflectance 

Second series of DC bias measurements show the 

values of thermal resistance Rth (= ΔT/P), for different 

baseplate temperatures Tbaseplate. By increasing Tbaseplate, Rth 

rises, as can be seen in tables 3 and 4. This is due to the 

thermal non-linearity of the semi-conductor thermal 

conductivity. 

Rth [°C.mm.W-1] IR microscopy 

Tbaseplate Sample 1 Sample 2 Sample 3 

50°C 12.2 11.8 11.5 

100°C 12.5 11.9 12.2 

175°C 17.3 14.8 15.4 

Table 3: Baseplate temperature influence on thermal 

resistance, measured by IR microscopy 

Rth [°C.mm.W-1] Thermoreflectance 

Tbaseplate Sample 1 Sample 2 Sample 3 

50°C 10.3 10.8 11.1 

100°C 15.4 14.3 13.3 

175°C 18.9 16.9 19.1 

Table 4: Baseplate temperature influence on thermal 

resistance, measured by thermoreflectance 

3.2 Transient (pulsed bias) measurement 

Only thermoreflectance transient measurements are 

discussed in the following section and that, for two reasons: 

1 – Due to the low spatial resolution of IR thermography 

(around 20 µm in transient mode), temperature is averaged 

on materials with different emissivity and thermal 

properties. The few measurements performed in this mode 

provided inconsistent temperature results. 2 – In contrast to 



IR thermography, thermoreflectance technique is able to 

provide thermal mapping with high spatial resolution in the 

sub micrometer range.  

Transient measurements were performed in pulsed bias 

conditions. A scan is recorded at the end of each pulse when 

the surface temperature is supposed to reach its maximum 

temperature. The lowest duty cycle chosen for short pulse 

durations is 25%.  Acquisition starts a few seconds after the 

first pulse, so that the fixture has reached an overall stable 

temperature. 

 
Figure 6: Transient thermoreflectance results 

Figure 6, shows the device thermal mapping for 

different pulse lengths. The same temperature increase is 

measured between the different gates for a 1.2 µs pulse 

length. This result indicates that, at this pulse length, a 

uniform power is dissipated in each gate of the transistor. 

4 Thermal simulation 

4.1 Steady-state (DC bias) mode 

3D-Simulation finite element model (FEM) was made 

using ANSYS commercial software. Physical simulations 

were firstly performed to determine the size and the location 

of the heat generated, as described in [12].  

Thermal conductivities of materials used have been 

deduced from Raman measurement and the values published 

in [13]. Since the IR and thermoreflectance thermography 

techniques give the surface temperature of the DUTs, the 

simulated temperature was averaged at the top of the 

passivation layer, in order to compare values. 

 

Figures 7 and 8 show the surface temperature 

mapping using IR thermography and FEM simulation 

respectively. A good correlation between measurement and 

simulation is found.  

 
Figure 7: IR DC bias measurement results 

 
Figure 8: Steady-state simulation results 

Figure 9 shows the thermal resistance of each gate 

of the device for the three methods. The gates temperatures 

have been extracted from figures 6, 7 and 8 and the 

associated thermal resistances Rth have been calculated using 

equation (2): 

 Rth=(Tmax - Tbaseplate) / P  (2)  

where Tbaseplate= 50°C and P=5W.mm
-1

. Tmax value is 

deduced from surface temperature value using IR 

thermography, thermoreflectance thermography and FEM 

simulation. Rth values determined by these three methods are 

in good agreement, and differ by less than 10%. Different 

values of thermal resistance have been found for the middle 

gate and the peripheral gate. This difference is due to the 

thermal flow pattern between the center and the external 

gates.  

Figure 9: DC bias results comparison 

  



Figure 10 shows a comparison of the simulated 

temperature in the channel (red curve) and on the device 

surface (green curve) for a dissipated power of 5W.mm
-1

. A 

maximum temperature difference of 25°C is simulated, this 

corresponds to a thermal resistance which is about 

5°C.mm.W
-1

 higher in the channel than at the device 

surface. As expected, this result confirms that IR and 

thermoreflectance techniques cannot directly provide the 

maximal temperature seen by the transistor. 

 
Figure 10: Temperature difference between surface and 

channel area 

4.2 Transient (pulsed bias) mode 

Figure 11 shows the temperature increases in transient 

mode, obtained by both simulations and measurements. A 

direct comparison between the 2 curves reveals a large 

offset obtained for short pulse lengths. 

First assumption was that the transient material 

properties used in the simulation (density ρ and specific heat 

Cp), were erroneous. But the product Cp x ρ has a negligible 

impact on surface temperature (less than 1°C even if this 

product is multiplied by 1000).  

 
Figure 11: Transient comparison results between simulation 

and thermoreflectance measurements 

The most probable explanation, given by Tessier et 

al. in [5] and [6], is that the thickness of the passivation 

layer strongly impacts thermoreflectance measurement 

results. Because calibration was made on a larger area than 

the measured one (see section 2.2), the thickness of the 

passivation layer could be slightly different. Furthermore, 

other factors can modify the material reflectivity such as the 

surface waviness as show in figure 12, the surface roughness 

or a dispersion of the refractive index due to non-uniform 

stoicheiometry of the nitride. Standard deviation calculation 

of temperature represented by error bars on Figure 11 has 

been performed, by averaging the temperature at different 

location in the gate-drain space area.  

 

Figure 12: Slide view of the DUT 

5 Discussion 

Due to their high spatial resolution, IR and 

thermoreflectance thermography are suitable as non-

invasive measurement techniques for HEMTs thermal 

characterization and mapping. However attention has to be 

paid on surface quality for both systems.  

In IR thermography, emissivity difference between 

materials could lead to misleading temperature scattering.  

In thermoreflectance thermography, DUT surface planarity 

could modify the intensity of the reflected light and 

therefore affect the thermal coefficient obtained by 

calibration. So calibration has to be conducted with a robust 

protocol. 

DC bias measurements show a good correlation 

between IR thermography, thermoreflectance thermography 

and FEM simulation. Similar temperatures were found by 

these three methods, resulting in a higher confidence in the 

accuracy of the in-house model.  

Due to its low spatial resolution IR thermography used 

in transient mode is not adapted for HEMTs. On the 

contrary, thermoreflectance thermography has a sub 

micrometers spatial resolution for both DC and transient 

mode that allows thermal mapping of HEMT device surface 

with a sufficient spatial resolution.  

Comparison between simulation and transient 

thermoreflectance highlights differences that increase with 

short pulse length. As explained before, planarity of sample 

and passivation thickness strongly impact results which 

could be the cause of the observed deviation. To confirm 



this hypothesis and thus to reduce error, a dedicated 

calibration sample should be used. 

6 Conclusion 

In this paper, AlGaN/GaN HEMTs thermal 

measurements using IR and thermoreflectance 

thermography technique were presented and compared to 

simulation using an in-house developed model.  

For steady-state condition, both measurement methods 

and simulation provide similar results validating the thermal 

model in this mode. Simulation shows that IR and 

thermoreflectance techniques do not provide the maximum 

temperature seen by the transistor, and a difference of 

5°C.mm.W
-1

 between the measured surface temperature and 

the channel one is estimated from simulation. 

For transient measurement, a temperature difference 

between measurement and simulation that increase with 

short pulse length has been observed. As the calibration is 

made at a magnification lower than the one used for 

measurements, the discrepancy could be explained by 

homogeneity and/or thickness differences of the passivation 

and may have led to error in the determination of the 

coefficient Cth. Nevertheless transient thermal mapping 

gives very important information about the uniformity of the 

power distribution between gates.  

As each system has advantages and limitations 

depending on the bias mode chosen, thermoreflectance 

thermography and IR thermography must be considered as 

complementary methods for measurements of device surface 

temperatures. 
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