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Abstract— Shrinking features and growing device complexity in 

advanced microwave devices has increased the challenge of fully 
understanding device thermal behavior on the sub-micron scale.  
Predicting the device static and dynamic thermal behavior is es-
sential for ensuring optimal tradeoffs between performance and 
device reliability. Thermal imaging based on the Thermoreflec-
tance Principle can meet the challenges imposed by these compact, 
high power density RF devices by providing sub-micron spatial 
resolution and temporal resolution in the picosecond range. This 
technique overcomes the limitations of traditional thermal imag-
ing techniques such as IR and Micro-Raman and some of the spe-
cific challenges in measuring GaN devices. In the past, Thermore-
flectance Imaging has been shown to accurately estimate the tem-
perature rise of metals using visible wavelength excitation sources. 
This paper presents a novel method to estimate the temperature 
directly on GaN surfaces using UV wavelengths. These UV ther-
moreflectance measurements were verified with measurement of 
an on-chip GaN mesa resistor. Temperature measurements on top 
of the field plate and inside the GaN channel were compared for a 
commercial GaN HEMT both on Si and SiC substrate. The ad-
vantages and disadvantages will be presented for the thermore-
flectance technique for thermal imaging.  

Index Terms— Thermoreflectance thermal imaging, IR ther-
mography, GaN HEMT 

I. INTRODUCTION  

The use of wide band-gap semiconductors [1] in high fre-
quency transistors for communications and power devices has 
increased significantly over the past 20 years. In parallel, ther-
mal consideration in chip design has become a large concern 
[2] in addition to the thermal packaging [3]. To take advantage 
of high speed switching and construct Monolithic Microwave 
Integrated Circuits (MMICs), the feature length of the transistor 
gate has been reduced to few tens of nanometers. Consequently, 
this has made thermal characterization of each individual tran-
sistor increasingly more difficult [4].  

Thermal characterization of GaN and other wide-bandgap 
semiconductors has some unique challenges compared to Si and 
GaAs. The wide bandgap leads to transparency and thin film 
interference issues which can lead to errors in optical tech-
niques like IR [5], Micro-Raman [6], and Thermoreflectance 
[7]. For IR measurements, a device with 2 µm of GaN and 200 
µm of SiC is 75-85% transparent and has an emissivity ~0.85 
[7]. This can lead to IR emission from deep below the surface 

to reach the IR detector. Gold metallization on the back contact 
can reflect more radiation and lead to errors between the cali-
bration and measurement. Adding black paint can typically help 
with these transparency and emissivity issues, but these paints 
can be thick and affect the electrical performance under RF Op-
eration. 

Micro-Raman spectroscopy overcomes some of the limita-
tions for spatial resolution by using a visible [4] or UV light [8] 
laser to measure the temperature dependent Raman shift of the 
material. For GaN, sub-bandgap lasers provide a depth aver-
aged temperature rise while UV Raman can be used to obtain 
the temperature at the top surface of the device. Precautions 
must be taken, however, to ensure that the high laser power 
does not damage the device when creating electron-hole pairs 
in the channel [8]. The main obstacle with Raman is typically 
highlighted when evaluating devices with metal field plates 
which obstruct Raman measurements taken near the gate edge. 
Measurements must be made in the optically accessible GaN 
channel and thus not directly in the hot spot region. Potential 
solutions to this problem has been proposed by performing Ra-
man measurements from the backside [7] or placing nanoparti-
cles on the surface [9] to overcome these issues. 

Recent developments have made it possible to characterize 
the surface temperature of such circuits using a CCD-based 
thermoreflectance (TR) thermal imaging method [10]. The un-
derlying principle behind TR imaging can be expressed by (1):  
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The intensity of the optical reflection of an illumination (∆R/R) 
changes with a change in surface temperature (∆T) and can be 
related by the thermoreflectance coefficient, Cth. The Cth can be 
considered to be constant over a wide temperature range [11]. 

Due to the diffraction limit, which is defined by the optical 
properties of the microscope objective, optical and thermal im-
ages of features smaller than 300 nm blur. In [12], the impact 
of diffraction limit on thermal images of sub-diffraction device 
features is addressed, both qualitatively and quantitatively. An 
algorithm to predict the effect of diffraction on thermoreflec-
tance thermal imaging of sub-diffraction devices with known 



shape and size is proposed. Other than diffraction, thermal ex-
pansion of the device may also lead to defocusing and subse-
quent blurring of thermal images. A three-dimensional piezoe-
lectric stage controller helps to stabilize the focused location in 
the microscope [10]. Taking the pixel-by-pixel TR coefficients 
allows us to calibrate the light intensity to the temperature in-
formation precisely in targeted locations [10]. With this config-
uration, thermal imaging for wires with one-pixel width, ~100 
nm, is achieved. 

Most TR measurements use standard visible light micro-
scopes due to the simplicity of the optics [11]. Pushing further 
into UV wavelengths can require special fused silica or UV 
anti-reflective coating objectives to improve light transmission 
and reduce optical aberrations [13]. By using UV light <370nm 
we can reduce any transmission through GaN and SiC, which 
can cause thin-film interference effects that convolute the ther-
moreflectance signal. With 365nm light, a clear reflection off 
of the top surface for GaN on SiC is achieved. Overall, using 
illumination wavelengths in the UV and visible range (365 nm 
to 760 nm) results in a diffraction limited spatial resolution on 
the order of hundreds of nanometers (260 nm for UV illumina-
tion).While submicron spatial resolution is readily achievable 
with TR imaging, IR thermography and Micro-Raman are lim-
ited to 3-5 µm and ~0.8-1 µm [4] respectively. 

II. THERMAL MEASUREMENTS ON GAN RESISTOR 

To verify the UV thermoreflectance measurements, an 18 µm 
long by 11 µm wide GaN mesa resistor was used. The resistor 
temperature curve was calibrated by placing the device on a 
thermal chuck and measuring the resistance versus temperature 
using a 4-wire method.  

Thermoreflectance measurements were made on the GaN re-
sistor with a 365 nm LED and 60X/0.7NA objective coated for 
UV light transmission. The TR measurements were calibrated 
using a thermal chuck with XYZ piezoelectric control to correct 
for thermal expansion during cycling. The thermoreflectance 
material coefficient for GaN at 365nm was measured to be -
1.75 x10-3 °C-1. This is ~10x larger than typical coefficients 
which improves the temperature sensitivity to 5-10 mK. The 

resistance and TR measurements agreed to within 0.9%. Mod-
eling, resistance, and TR measurements all agreed withing 1%. 
Future improvements could include measurements with 340 nm 
light to get further away from the GaN bandgap edge and re-
duce any UV light transmission from the broadband LED. A 
visible cut-off filter >370nm might also be used to remove the 
longer wavelengths that can penetrate through GaN and 
SiC.Thermal Analysis of GaN Transistor 

To further assess the application of UV TR on GaN HEMTs, 
a UV/Visible comparison was performed on an unpassivated 
2x45 μm GaN/Si HEMTs. The absence of passivation was in-
tended to reduce the effect of thin film interference. Calibra-
tions were performed to extract the thermoreflectance coeffi-
cient for wavelength sources of 365 nm, 470 nm and 530 nm. 
For a 100 °C temperature rise, the coefficients were determined 
to be -7x10-4 °C-1, 1.75 x10-4 °C-1, and -2x10-4 °C-1 respectively. 
A 50x/0.5NA objective was used for all wavelengths in addition 
to placing a 365 nm bandpass filter in the LED path for the UV 
TR measurements.  

The transient thermal performance of these devices was as-
sessed using transient TR. The devices were pulsed for 50 μs 
pulsed at a 25% duty cycle. A 20 V drain bias was applied with 
a negative gate bias which resulted in a peak power dissipation 

 

Fig. 2: Thermoreflectance (TR) image of GaN/Si HEMT showing the temperature rise of a) the gate metal using a 530 nm excitation source and b) the GaN chan-
nel using a 365 nm excitation source. c) line profiles of the temperature rise along the gate width for both visible and UV excitation sources 

 

Fig. 1:  Plot of the temperature sense resistor (TSR) average temperature at 
three different power conditions for Modeling, Resistance, and Thermoreflec-
tance 



of 1.6 W/mm. Measurements were taken every 5 μs for an LED 
pulse width varying from 650 ns (visible TR) to 2.5 μs (UV 
TR). 

The thermal images obtained from the 365 nm and 530 nm 
sources are shown in Figure 1a and 1b. Due to the absence of a 
field plate, a direct temperature comparison of the gate metal to 
the GaN region can be obtained. A line plot was extracted along 
the gate width directly over the gate metal for the visible wave-
lengths and was contrasted to the GaN temperature rise between 
the Gate and the Drain (Figure 1c). The temperature rise and 
profile across the gate metal agrees well between the 470 nm 
and 530 nm plots confirming the accuracy of these measure-
ments. For UV TR, the temperature rise of the GaN region is 
also shown to be on the same order of magnitude as the gate 
metal but shows a more parabolic temperature profile. Specifi-
cally, the temperature rise between the center and the edge ap-
pear to be 10 °C in the GaN whereas only a 5 °C temperature 
gradient is observed in the Gate metal. This discrepancy can be 
attributed to the heat spreading in the GaN which is not possible 
in the Gate metal due to its geometry. 

UV TR measurements were then applied to a commercial 
0.25 µm GaN/SiC HEMT devices in the GaN channel region 
and compared to visible 530 nm measurements made on top of 
the field plate. A schematic of the different regions probed ac-
cording to the wavelength source is shown in Figure 2. 

Visible TR measurements made on top of the gold field plate 
with 530 nm light provide a clear reflection off the metal sur-
face (Figure 3). This can provide an accurate calibration point 
for thermal models which can assist in determining the hotspot 
temperature. With a 100X/0.8NA objective the resolving power 
is 0.40 µm based on the Rayleigh Criterion. The NT210B Ther-
moreflectance system has 45nm/pixel at 100X. 

UV TR measurements were made to the side of the field plate 
inside the GaN channel (Figure 3). Shadowing from the field 
plate and gate edge can block the hot spot on the Gate-Drain 
edge, so the temperature measurement must be made a few 100 
nm away. With the 60X/0.7NA objective the resolving power 
is 0.32 µm and 75nm/pixel.  

III.  CONCLUSION 

UV thermoreflectance measurements have been shown to 
agree well with a GaN mesa resistor temperature sensor within 
0.9%. Further measurements on an active GaN HEMT device 
show similar temperatures between measurements on top of the 
gold field plate and to the side in the GaN channel. Sharp tem-
perature gradients in the GaN channel cause the temperature 
measurements in the channel region to be lower than the true 
temperature on the Gate-Drain edge. Close thermal contact be-
tween the heat generation region and gate/field plate region 
continue to make these regions good choices for temperature 
measurement locations. 
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