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Abstract— This paper investigates the influence of carbon 
doping GaN buffer and the addition of a GaN cap layer on the 
thermal properties of gallium nitride high electron mobility 
transistors (GaN HEMTs). These devices are renowned for their 
excellent electrical characteristics, such as high operating 
frequency and high breakdown voltage. Recent developments, 
including carbon doping of the GaN buffer and integration of a 
GaN cap layer, aim to improve the crystalline quality, the 
charge carrier mobility and reduce the conduction losses. 
Thermal analysis using the thermoreflectance technique was 
carried out to assess the impact of these modifications on the 
thermal resistance of the transistors. Four different samples 
were fabricated and studied, with various combinations of 
doping and capping layers. 

Keywords—GaN HEMT’s, Thermoreflectance, Thermal 
measurement, GaN C-doping, GaN Cap layer, Thermal 
resistance. 

I. INTRODUCTION  
The high electron mobility transistor based on gallium 

nitride (GaN HEMT) has attracted the attention of researchers 
because of its remarkable characteristics, in particular its high 
operating frequency and high breakdown voltage[1]. In 
addition, these devices are also capable of generating high 
current densities and maintaining low channel resistances 
thanks to their high electron mobility and high carrier 
concentration. In recent years, this technology has continued 
to evolve, making these devices even more powerful and 
reliable. These developments include the integration of the 
GaN cap layer and the carbon doping of the GaN buffer to 
reduce current collapses, attenuate surface defects, and 
increase the crystalline quality of the material, resulting in 
electrical improvements such as increased charge carrier 
mobility and reduced conduction losses.  

Although these developments have significantly improved 
the electrical properties of these components, their impact on 
the thermal properties of the devices still needs to be assessed. 
Thus, in this paper, a thermal analysis based on the 

thermoreflectance imaging technique is carried out to 
determine how the introduction of the GaN cap Layer and the 
doping of the GaN buffer influence the thermal resistance of a 
2x50µm GaN HEMT. 

II. DIVICES FABRICATION 
The wafers used in this study were grown by Veeco 

Instruments Inc., USA, in a Propel Metal Organic Chemical 
Vapor Deposition (MOCVD) reactor on 6-inch-high resistive 
silicon (HR-Si) substrates. Figure 1 shows the schematic 
cross-section of the wafers. GaN HEMTs were fabricated on 
four different GaN-on-Si wafers. Let us denote the wafers as 
“wafer A,” “wafer B,” “wafer C,” and “wafer D.” 10 nm of 
In0.17Al0.83N is used as a barrier layer in all wafers. For the 
Al mole fraction of 0.83, the lattice constant of InAlN matches 
with the GaN buffer layer. As a result, In0.17Al0.83N forms 
a strain-free barrier layer, which prevents the inverse 
piezoelectric effect at high voltage operations and improves 
the breakdown voltage of HEMTs. Between the In0.17Al0.83N 
barrier and GaN buffer layer, 1 nm of AlN spacer layer is used 
in all wafers. AlN spacer layer reduces carrier scattering and 
improves the mobility of electrons. Though Wafer A and 
wafer C do not have a GaN cap layer, wafer B and wafer D 
contain 2 nm of GaN cap layers. GaN cap layer reduces 
surface traps, off-state gate, and drain leakage current and 
increases 2-DEG electrons mobility, breakdown voltage, and 
𝑓!	of HEMTs [2]. The GaN buffer layers of wafer A and wafer 
B are unintentionally doped. UID:GaN is usually n-type due 
to nitrogen vacancies[3] and/or background oxygen 
doping[4]. GaN HEMTs with n-type UID:GaN usually have 
higher leakage current and lower breakdown voltage. 
Sometimes, the GaN buffer layer is counter-doped with 
carbon to improve leakage current and breakdown voltage. C-
doped GaN buffer layer improves breakdown voltage, reduces 
leakage current, and helps in realizing near-ideal subthreshold 
swing[5]. The buffer layer of wafers C and D is divided into 
three sub-layers. A C-doped layer with a doping concentration 
of 2x10E19 per cm3 is sandwiched between two UID: GaN in 
the buffer layers of wafer C and wafer D. Below the GaN 
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buffer layers, AlGaN strain relief layers and AlN nucleation 
layers are used in all wafers. The AlGaN strain relief layers 
are divided into three sub-layers with Al mole fractions of 
75%, 50%, and 25% from the AlN interface to UID: GaN 
interface. The total thickness of the GaN buffer layer, AlGaN 
strain relief layer and AlN nucleation layer is 1.7 μm. 

 
Figure 1 : Schematic layer structure of the wafer; (a) without GaN cap and 
no carbon doping, (b) with GaN cap but no carbon doping, (c) without GaN 
cap but with carbon doping, (d) with GaN cap and carbon doping in the GaN 
buffer layer. 

The fabrication process started by cleaning the wafers by 
boiling in trichloroethylene and acetone for five minutes each, 
followed by lithography to open windows for source and drain 
contacts. Next, the samples were dipped in dilute HCl (DI 
water: HCl = 10:1) for 1 min to remove any native oxide and 
immediately loaded in an electron beam evaporation system 
to deposit Ti/Al/Ni/Au (30/140/40/100 nm) metal stack. After 
source-drain patterning by lift-off, the samples were annealed 
in N2 ambient at 810 °C for 60 seconds for the ohmic contact 
formation. Mesa isolation etching was then performed in 
Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) 
using Cl2/ BCl3 plasma to a depth of 200 nm. Next, gate 
lithography was carried out in an e-beam lithography system 
using PMMA-A8 as an e-beam resist, and the samples were 
again dipped in dilute HCl (DI Water: HCl = 10:1) for 1 min 
prior to gate metal (Ni/Au 30/80 nm) deposition. The gate 
metal was patterned by the standard lift-off process. Contact 
pad metal Ni/Au (40/80 nm) was deposited by e-beam 
evaporation. Finally, the samples were annealed at 400 °C in 
N2 ambient for 5 minutes. The source-to-drain separation of 
the devices is 6µm, and the gate length is 300 nm, placed at 
the middle of the source and drain. 

III. THERMOREFLECTANCE METHOD FOR 
TEMPERATURE MEASUREMENTS 

Thermoreflectance is a temperature measurement 
technique that leverages the optical changes in a material 
resulting from temperature variations. This method is based 
on the principle that the optical properties of materials, such 
as refractive index and reflectance, are temperature-dependent 
[6]. These optical changes affect the way the material reflects 
light. By directing a beam of light onto the surface of the 
material and measuring changes in the reflected light, it is 
possible to determine temperature variations at the material 
surface with a high degree of accuracy. This method is 
particularly useful for applications where temperature 
measurements with high spatial resolution is required. This 
technique is non-destructive and allows for the acquisition of 
detailed temperature maps thanks to the CCD camera, which 

captures high-resolution spatial variations in temperature. By 
analysing the changes in reflectance at each pixel, researchers 
can create precise thermal mapping of the material's surface. 

During measurement, the materials constituting the 
transistor undergo thermal expansion due to changes in 
temperature. This technique requires the integration of several 
peripheral systems to ensure an accurate and successful 
measurements. Notably, a piezoelectric system is essential.  

 
Figure 2 :Illustration of the Microsanj measurement bench based on 

thermoreflectance 

Figure 2 illustrates the Microsanj measurement bench 
based on thermoreflectance available at Xlim. It is composed 
of a light source capable of generating four optical sources 
offering different wavelengths, 365nm, 470 nm, 530 and 680 
nm, and four objectives (x10, x25, x50 and x100) suitable for 
these wavelengths, a piezoelectric position correction system 
to compensate for movements caused by the expansion of 
materials when heated, a CCD camera for analysing the 
reflected optical signal and an electrical excitation source for 
applying the dissipated power to the devices. The 
thermoreflectance technique uses a beam of monochromatic 
light that is directed at the surface of the material, the reflected 
light is then analysed to detect variations induced by changes 
in temperature. Variations in reflectance and other optical 
properties are then converted into temperature measurements. 
The dependence of the relative variation of surface reflectance 
on surface temperature can be expressed by the following 
equation [6], [7]. 

Δ𝑅
𝑅"

= 𝐶#$(𝑥, 𝑦, 𝜆). Δ𝑇 (1) 

Where 𝐶#$  is the thermoreflectance coefficient which 
depends on material properties and on the illumination source 
wavelength. The measurements were carried out on the four 
different structures to highlight the thermal impact of the 
integration of the GaN cap layer and the carbon doping of the 
GaN buffer. To perform this measurement, two steps are 
required. The first one is the calibration step, during which a 
known temperature difference is applied to the transistor using 
a thermal stage, typically 𝛥𝑇 = 50°𝐶 . This induced 
temperature difference leads to a change in reflectivity, which 
is measured as a variation in reflectance. Another important 
parameter to consider is the wavelength of the incident light, 
as the thermoreflectance coefficient is highly sensitive to it. 
Therefore, it is crucial to select the wavelength that maximizes 
the thermoreflectance coefficient for accurate and effective 
measurements.  



Previous studies on GaN transistors have demonstrated 
that the area that undergoes the most significant heating is the 
part of the channel located under the gate on the drain side. 
This is due to the high electric field present in this region, 
which can be over 100 times greater than in other channel 
regions [8], [9]. The measurement zone targeted in this work 
is the region between the gate and the drain as shown in 
Erreur ! Source du renvoi introuvable. The measurement 
was therefore carried out on the GaN material which is one 
hundred nanometres above the hotspot. During the calibration 
stage, several wavelengths were used to determine the 
optimum wavelength. Figure 3 shows the dependence of the 
thermoreflectance coefficient for 4 different wavelengths. The 
wavelength chosen was 365nm, which gives the highest 
thermoreflectance coefficient in absolute terms with 𝐶#$ 
−3,18𝑥10%&𝐾%' on the GaN material. 

 
Figure 3 : Thermoreflectance Coefficient as a Function of Wavelength of 
source, drain and GaN materials. 

Once extracted, this thermoreflectance coefficient is used 
in the second step, which consists of applying a dissipated 
power to the transistor and measuring the corresponding 
change in temperature, and this for several dissipated powers. 

Figure 4 : CCD image, (a) calibration step where R1 is 𝐶!"	of the GaN 
material between gate and drain and (b) measurement step. 

The thermal resistance is then calculated according to 
Equation 2 to compare the results of the four transistors. This 
allows us to assess the thermal impact of the integration of the 
GaN cap layer and the carbon doping of the GaN buffer. By 
evaluating these factors, we can better understand how they 
influence the transistors thermal performance. Thermal 

resistance measures the component's ability to conduct heat, 
and is expressed as the ratio between the rise in temperature 
within the transistor and the corresponding dissipated power. 

𝑅#$ =
Δ𝑇
𝑃()**

(2) 

Where 𝛥𝑇  is the temperature rise in °𝐶  and 𝑃()**  is the 
applied dissipated power in 𝑊. A lower thermal resistance 
indicates a better ability to dissipate heat. As a result, a sample 
with low thermal resistance is more efficient in terms of 
temperature management, contributing to more stable 
performance and longer lifespan. 

IV. RESULTS AND DISCUSSIONS 

Measurements were carried out for various dissipated 
powers, and the corresponding thermal resistance values for 
the four transistors are shown in . 

The results show that sample C has the highest thermal 
resistance, as it has no GaN capping layer and its buffer layer 
is carbon-doped. On the other hand, the thermal resistance is 
lowest for sample B, which has a GaN cap layer and its buffer 
layer is not doped with carbon. 

 
Figure 5 :Thermal resistance as a function of the power dissipated for the 
four configurations of the GaN transistor, 2x50µm 

The clearest observation from the experimental results is 
the significant influence of the high carbon doping on the 
thermal resistance of GaN-based transistors, a phenomenon 
observed independently of the presence or absence of a GaN 
cap layer. In fact, sample C, with no cap layer and doped with 
carbon, has the highest thermal resistance. This is due to the 
defects induced by the carbon atoms in the crystalline 
structure, which interfere with the thermal conduction, 
thereby reducing the efficiency of heat dissipation. Similarly, 
even in the presence of a capping layer, carbon doping also 
plays a part by increasing thermal resistance. These results are 
consistent with other work done by J. Zou and All [10] which 
shows that doping has a negative impact on the thermal 
conductivity of semiconductors.  

The results for the GaN cap layer should be interpreted 
with caution. Thermoreflectance measurement is a “surface 
technique”, which means that it assesses the temperature at the 
surface of the sample. Therefore, in samples with a cap layer, 
the measurement is performed at the surface of this layer, i.e. 
approximately 2 nm higher than for samples without GaN cap. 
However, this thickness is still very small (2nm), allowing this 
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measurement and comparison to remain relevant for assessing 
the differences in thermal performance between the samples. 

V. CONCLUSION 
The results show that carbon doping of the GaN buffer 

significantly increases the thermal resistance of the transistors, 
independently of the presence of a GaN cap layer. The sample 
without a GaN Cap layer but doped with carbon showed the 
highest thermal resistance, attributed to the structural defects 
introduced by the carbon atoms, which disrupt thermal 
conduction. In contrast, the sample with a GaN cap layer and 
no carbon doping showed the lowest thermal resistance, 
illustrating the beneficial effect of the cap layer on heat 
dissipation. Although thermoreflectance measurement is a 
surface technique, the results are still relevant for assessing 
differences in thermal performance between samples. These 
findings highlight the importance of precise control of doping 
and layer structure to optimise the thermal and electrical 
performance of GaN HEMT devices. 
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