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Abstract. A diamond heat spreader has been combined with Si microchannel for the improvement of 
the hotspots cooling capability for GaN high power electronic devices. The effects of the diamond heat 
spreader and Si die have been simulated using steady model by finite element analysis. It was found that 
the diamond spreader can reduce the maximal temperature of GaN device. The effect of thickness of Si 
die on maximum gate temperature will be increases linearly with the increase of total power. These 
methodology shows promising way to cool AlGaN/GaN HEMTs on Si. 

Introduction 
In recent years, as modern electronic devices are becoming smaller and owning more functions, they 
are simultaneously facing significant increases in the integration, packaging density and heat fluxes. 
AlGaN/GaN high-electron mobility transistors (HEMTs) have been widely used for high power 
applications due to their wide bandgap and high breakdown field [1]. But, too high junction 
temperature caused by the self-heating effect will significantly reduce the drain current, 
transconductance, electron mobility and thermal conductivity of the transistor [2-5]. So, effective 
thermal management will be the key to ensuring perform well of devices [6]. 

A cooling solution of high thermal conductivity will be required to dissipate the concentrated high 
heat flux in the transistor [7]. CVD diamond have high thermal conductivity, which several times 
higher than SiC and Si, can be utilized as the heat spreader for high heat flux microelectronic cooling 
[8-10]. In addition, the microchannel heat sink can dissipate high heat fluxes anticipated in high-power 
electronic devices [11]. So, combination of high thermal conductive materials and microchannels 
cooling can improve the thermal management effects. 

Layout and Simulation setup  
In this paper, schematic image of the cooling structure with diamond heat spreader and liquid-cooled Si 
microchannel heat sink is shown in Fig 1(a). The Si die, the diamond heat spreader and the Si 
microchannel heat sink are directly bonded together with Sn-based solders. A top view of the typical 
AlGaN/GaN HEMT is shown schematically in Fig 1(b). The six heater of tiny area which evenly 
located on the center line is used to represent the gate finger heating area of the GaN HEMT, and each 
transistor is composed of 12 gate fingers of gate width WG, gate length LG, and gate-to-gate pitch PG. 
In addition, each source and drain fingers are the same length LS/D, a 2 um GaN layer needs to be 
considered for GaN transistor [12]. Other geometrical parameters about cooling structure are list in 
Table 1. 
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Table 1. Geometrical parameters of the cooling structure. 
Parameter Definition Value(um) Parameter Definition Value(um) 

LSi/spreader/solder 
Length of 

Si/spreader/solder 6000 Lfin Length of fin 202.5 

WSi/spreader/solder 
  Width of 

Si/spreader/solder  7200 Lheater 
Length of 

HEMT 505 

hSi Height of Si die 50-400 Wheater 
Width of 
HEMT 350 

h Height of spreader 0-300 Pheater 
HEMT to 

HEMT pitch 700 

hsolder 
Thickness of 
Au/Sn solder 3 LG Gate length 0.5 

Lmicro 
Length of 

microchannel 10000 WG Gate width 350 

Wmicro 
Width of 

microchannel 10000 LS/D Source and 
drain length 25 

hmicro 
Height of 

microchannel 1100 PG Gate to gate 
pitch 40 

Lchannel Length of channel 400 hGaN Thickness of 
GaN layer 2 

Wchannel Width of channel 10000 hAlGaN Thickness of 
AlGaN layer 0.03 

hchannel Height of channel 800 hAu 
Metallization 

thickness 1 

 

 
Fig. 1. Schematic drawing of the structures used in the numerical simulations. 

(a) Schematic cross-sectional view of the simulation structure. 
         (b) Top view of the HEMT hotspot structure used in the simulation. 

For the simulation model in this paper is constructed using ANSYS that runs the finite element 
analysis with adaptive meshing and error control. The convergence criterion of the Flow and Energy is 
1e-3 and 1e-7, respectively. Boundary conditions of the calculation region are set to adiabatic 
boundary condition and ignore radiation heat transfer. The temperature dependent thermal 
conductivities of materials are considered in the simulation, the values are list in Table 2. The 
simulations are performed at the ambient temperature 20 °C by putting six heaters simultaneously with 
36 W total power. The liquid in the microchannel is 280 K water, velocity of flow in each channel is 0.2 
m/s and based on the estimated low Reynolds number in the heat sink with this flow velocity, the 
microchannel is considered to be operated in laminar regime.  
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Table 2. Thermal conductivity for all materials. 

Material Thermal 
conductivity(W/mK) 

GaN/AlGaN 160 × (300/T)1.4 
Si 148× (300/T)1.3 

Diamond 1832 × (298/T)1.305 
Au/Sn 57 

Results and discussion  

The steady state simulation is performed on the simulation model. The influence of the total power load 
in the hot spot on the maximum temperature as shown in Fig. 2. The temperature increases linearly with 
the increase of total power can be seen from the Fig. 2. Since many power devices have a high power, 
the device may work at high temperature, so the efficiency and stability of the device have greatly 
affected. 

 
Fig. 2. Maximum temperature as a function of the total power for cooling structure with diamond heat 
spreader from simulation analysis. 
Fig. 3. Maximum temperature as a function of the diamond heat spreader thickness h for a cooling 
structure. 

The effect of diamond heat spreader thickness h on maximum heater temperature as shown in Fig 3. 
In this set of simulations, thickness of Si die hsi is 200 um. With the increase of diamond heat spreader 
thickness h, the temperature gradually decreases and finally tends to be stable. A 50 um, 100 um, 200 
um and 300 um diamond heat spreader can reduce the temperature by 13%, 19.6%, 20.4% and 21.5%, 
respectively. It is worth noting that heat dissipating capacity of diamond heat spreader tends to 
saturation when the h is above 250 um. We can see that the diamond heat spreader have heat 
dissipation performance for the high heat flux heater. Further investigations about heat dissipation 
performance of diamond heat spreader have been performed based on these simulation results, as 
shown in Fig 4. 

Vertical temperature distributions were shown in Fig. 4. Lower temperature difference from the die 
top to the heat sink top has been achieved using the diamond heat spreader. Owing to the diamond heat 
spreader, the heat dissipating capability is highly enhanced, the temperature of each point in the vertical 
direction is lower than that of the without diamond heat spreader and the heat flux on the top surface of 
the Si microchannel heat sink is quite small and more uniform for the cooling structure. 
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Fig. 4. Simulation of temperature distribution in the vertical  direction with and without diamond heat 
spreader. 
Fig. 5. Maximum temperature as a function of the Si die thickness hSi for a cooling structure. 

Effect of thickness of Si die on maximum gate temperature as shown in Fig. 5. We can see that the 
maximum gate temperature rises with the increase of the Si die thickness at the 200 um diamond heat 
spreader. The thickness of Si die is reduced from 400 um to 50 um, the maximum gate temperature is 
reduced from 124.4℃ to 88.6℃. We also can see that, maximum gate temperature reduced with the Si 
die thickness increase, but in the case of the same thickness of Si die, the structure of diamond heat 
spreader still has a lower maximum temperature. This is because the Si has a certain thermal 
conductivity, can play a weak role in dissipate heat, in the absence of material that has higher heat 
conductivity. Therefore, thinning of the Si die plays an important role in reducing junction temperature. 

Conclusion  
Higher power will result in higher operating temperatures, so a cooling structure combined diamond 

heat spreader with microchannel is proposed. Diamond has excellent thermal conductivity, the 
diamond as the heat spreader can significantly reduce the maximum temperature. Besides, lower 
temperature difference from the die top to the heat sink top has been achieved using the diamond heat 
spreader. So, diamond heat spreader have heat dissipation performance for the high heat flux hotspot. 
The thermal conductivity of Si is low, if the Si die is too thick, it will hinder the dissipate of heat. So, 
thinning of the Si die plays an important role in reducing junction temperature. Only use these two 
methods at the same time, can achieve a better cooling effect. 
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