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Abstract  —  The performance of high-power gallium 

nitride (GaN) high-electron-mobility transistors (HEMTs) is 
limited by self-heating effects. High thermal resistances 
within micrometers of the active device junction often 
dominate the junction temperature rise and fundamentally 
limit the device power handling capability. The use of high-
thermal-conductivity diamond in close proximity to the 
transistor junction can mitigate this thermal constraint, but 
careful attention is required to the quality of the thermal 
interface between the GaN and diamond. Here we apply 
time-domain thermoreflectance (TDTR) to two GaN-on-
diamond composite substrates with varying GaN thicknesses 
to measure the thermal interface resistance between the GaN 
and diamond (29 m2 K GW–1) as well as the thermal 
conductivity of the GaN buffer layer (112 W m–1 K–1) at 
room temperature. Informed by these data, we perform 
finite-element analysis to quantify the relative impact of the 
GaN-diamond thermal interface resistance, diamond 
substrate thermal conductivity, and a convective cooling 
solution on the device channel temperature rise. 
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I. INTRODUCTION 

Gallium nitride (GaN)-based high-electron-mobility 
transistors (HEMTs) are promising for high-power 
electronic applications such as a radar amplifier [1]. High 
electrical breakdown fields of GaN and high electron 
charge densities at the AlGaN/GaN heterojunction enable 
higher-power and higher-frequency operation of GaN-
based transistors than GaAs- and Si-based transistors 
allow [2], [3]. However, device-level self-heating and 
associated thermal management challenges at this higher 
power density severely limit the peak power density and 
impair the device reliability [4], [5]. High thermal 
resistances in the “near-junction” region (i.e., a region 
within micrometers of the heated electronic junction) 
often hinder efficient heat transport from the active device 
regions to the heat sink components [4], [6], [7]. Since the 
spreading resistance of the substrate makes a key 

contribution to the overall thermal resistance of the 
devices, the selection of a suitable substrate material is 
crucial [7].  

SiC has been a common choice as a substrate material 
due to its higher thermal conductivity (~400 W m–1 K–1) 
than that of Si (~142 W m–1 K–1) and sapphire (~35 W m–

1 K–1) [7]. But the near-junction thermal resistance of 
GaN-on-SiC devices still restricts efficient heat spreading 
away from the active device regions and therefore limits 
the device performance and reliability [4], [8]. The 
integration of chemical-vapor-deposited (CVD) diamond 
substrate in close proximity to the transistor junction 
holds promise in improving the near-junction cooling of 
GaN HEMT devices mainly due to its excellent heat 
spreading capability. A typical value for the room-
temperature thermal conductivity of high-quality 
polycrystalline CVD diamond is near 1500 W m–1 K–1 [9], 
which is higher by a factor of nearly 5 than that of SiC. 
However, the large mismatch of key crystalline properties 
(i.e., lattice constants and coefficients of thermal 
expansion) of GaN and diamond compared to the 
mismatch of these properties of GaN and SiC creates a 
challenge for the fabrication of high-quality GaN on 
diamond substrate [10], [11]. 

Current GaN-on-diamond fabrication technologies can 
be grouped broadly into two categories: i) direct GaN 
heteroepitaxy on single crystalline diamond [11]-[13] and 
ii) GaN epilayer transfer to polycrystalline CVD diamond 
[8], [14]-[16]. The former method involves approximately 
1-µm-thick transition layers between the GaN and single 
crystal diamond for strain compensation. Such relatively 
thick transition layers often contain high densities of 
defects, and exhibit high thermal resistance [15]. The 
second method, used in this work, involves the transfer of 
pre-grown AlGaN/GaN heterostructures to polycrystalline 
CVD diamond using a thin intermediate adhesion layer 
(~50 nm). This approach is beneficial in that the thermal 
resistance of the intermediate material between the GaN 
and diamond is much lower than that of the first approach. 
But this approach still requires reduction in the thermal 
interface resistance between the GaN and diamond. 
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aspect ratio of 10:1. The 3-D conduction simulation 
dissipates a 5 kW cm–2 in a device-level hot spot (200 μm 
x 200 μm) and 1 kW cm–2 in the background (5 mm x 5 
mm). Figure 3 depicts the results of the channel 
temperature rise for different diamond thermal 
conductivities and different values of the channel wall 
heat transfer coefficient. For example, a simulation result 
indicates that the hot spot temperature rise is 4.5 °C for a 
heat transfer coefficient of 10–1 kW cm–2 K–1 and a 
diamond thermal conductivity of 2000 W m–1 K–1. The 
temperature rise due to the GaN-diamond thermal 
interface resistance is particularly important, as clearly 
indicated by red bars in Fig. 3. The large interface 
resistance of 100 m2 K GW–1 can account for more than 
50% of the overall channel temperature rise when the 
diamond thermal conductivity is 2000 W m–1 K–1. The 
accurate determination of the GaN-diamond thermal 
interface resistance is therefore important for accurate 
prediction of the channel temperature rise.  
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