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Abstract—Record DC power has been demonstrated in 

AlGaN/GaN high electron mobility transistors fabricated using a 

substrate replacement process in which a thick diamond 

substrate is grown by chemical vapor deposition following 

removal of the original Si substrate.  Crucial to the process is a 

~30 nm thick SiN interlayer that has been optimized for thermal 

resistance. The reductions obtained in self-heating have been 

quantified by transient thermoreflectance imaging and 

interpreted using 3D numerical simulation. With a DC power 

dissipation level of 56 W/mm, the measured average and 

maximum temperatures in the gate-drain access region were 176 

°C, and 205 °C, respectively. 

 
Index Terms— GaN, diamond, thermoreflectance, thermal 

management, transmission electron microscopy 

 

I. INTRODUCTION 

aN-based high electron mobility transistors (HEMTs) 

have been of critical importance for commercial and 

military applications which require the high frequency and 

high power density enabled by the wide bandgap and high 

critical field of gallium nitride. However, the long-term 

reliability of GaN at high power has continued to face unique 

challenges originating from the simultaneous high electric 

field and high temperature within the channel of a GaN 

HEMT [1, 2]. It was envisioned early on that the thermal 

limitations of GaN rf devices could be addressed by utilizing 

CVD diamond with its high thermal conductivity to provide an 

efficient heat extraction path between the III-nitride 

heterostructure and the heat sink [3-6]. And indeed early GaN-

on-Diamond technology, realized by wafer bonding with a 

thin bonding layer, was able to outperform GaN-on-SiC [7]. 

While direct bonding of GaN and diamond has continued to 

improve, GaN-on-diamond technology has focused on 
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removal of the Si substrate and the AlGaN nucleation layers, 

followed by thick CVD diamond overgrowth [8, 9]. This 

approach, despite leading to excellent reports of full-wafer 

GaN-on-Diamond HEMTs, has also faced multiple 

compatibility challenges which so far have prevented the 

commercialization of a GaN-on-diamond technology [10, 11]. 

In this work, we demonstrate significant improvements in 

thermal performance of GaN-on-diamond HEMTs resulting 

from a high quality interface between these two materials. 

II. EXPERIMENTAL 

The diamond substrate replacement process began by 

attaching an inverted GaN-on-Si wafer to a temporary carrier, 

removing the Si, and then etching the N-polar III-nitride 

nucleation layers until an approximately 700 nm thick GaN 

buffer was obtained.  After depositing a thin (~30 nm) SiN 

barrier layer, thick polycrystalline CVD diamond was seeded 

and grown by Element Six Technologies (E6) using a 

proprietary process [11-13]. The final step was detaching the 

carrier leaving the GaN-on-Diamond wafer.  

The HEMT devices had 20nm of Al0.2Ga0.8N and were 

fabricated simultaneously on wafers both before and after 

substrate replacement as follows: Cl-ICP mesa etch, 

Ti/Al/Ni/Au Ohmic contacts, rapid-thermal anneal (850°C, 

30s, N2), Ni/Au Schottky gates, Ti/Au overlay pads, 100 nm 

thick mixed-frequency PECVD SiN passivation optimized for 

low current collapse [14]. Using this approach, two GaN-on-

Diamond samples were identified from an early and a more 

mature version of the process (GaNDi-1 and GaNDi-2, 

respectively) and an electrothermal comparison was carried 

out using the reference samples, GaNSi-1 and GaNSi-2.  

The HEMTs were characterized electrically and with steady 

state and transient thermoreflectance imaging (TRI) performed 

on a TMX Scientific T°Imager® system with a 100X near-UV 

objective at 365 nm illumination wavelength, and calibrated 

by a 330-450 nm scan that confirmed the optimal response 

from each sample. Temperature change was derived from the 

reflectivity change (T = (R/R)/CTR), where CTR is the 

temperature-dependent pixel-by-pixel calibrated coefficient of 

thermoreflectance [15, 16]. Broadband dark acquisition under 

relatively low drain bias showed that the electroluminescence 

(EL) signal had a negligible intensity of less than 0.1% of the 
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thermoreflectance signal value. Accuracy in T was 1°C for 

more than 95% of the data acquired and analyzed in image 

post-processing. Transient TRI used a square VGS pulse (-2.2 

VVGS0 V) and a DC VDS bias. 

 

III. RESULTS AND DISCUSSION 

Table I summarizes the electrothermal characteristics of the 

samples in this experiment. Room temperature Hall 

measurements and DC I-V characteristics indicated that the 

substrate-side process did not significantly influence the 

mobility and sheet carrier density, and thus the on-resistance 

of the HEMTs. Additionally, only minimal effects on 

threshold voltage and transconductance were observed [17].  

 

Fig. 1. Steady-state thermoreflectance maps of AlGaN/GaN HEMTs before 

and after backside diamond deposition process measured at 365nm 

illumination as a function of DC output power. a) Sample GaNSi-2. b) Sample 
GaNDi-2. c) Average temperature in the gate-drain access region as a function 

of DC power (IDSxVDS) for the AlGaN/GaN HEMTs in Table I. 

 

A comparison of steady-state thermal performance was 

carried out as a function of DC power (IDSVDS). TRI maps 

for GaNSi-2 and GaNDi-2 are presented in Fig. 1a-b for 

comparable DC power density values. The temperature profile 

above 15W/mm of sample GaNSi-2 extended throughout the 

20µm long access region, indicating that the temperature in 

the metal contacts can increase beyond 150°C, leading to 

reliability concerns in the absence of a thermal substrate. By 

contrast, no significant increase in temperature was measured 

on GaNDi-2 near the contacts for power densities as high as 

24.2W/mm (Fig. 1b). Above this power level, gate leakage 

current added a significant parasitic component to the total 

drain current (10-15%, depending on the device) but even in 

its presence the average temperature in the access region did 

not exceed 176°C (Fig. 1c), while TMAX was measured to be 

2053.8°C in the hot spot near the drain edge of the gate. 

The thermal profile of each sample as a function of DC 

power density is shown in Fig. 1c. The corresponding thermal 

resistance per unit width (henceforth referred to simply as the 

thermal resistance) was calculated from the slope of each 

curve. A low thermal resistance value of 2.95°C-mm/W was 

calculated for sample GaNDi-2. By comparison, sample 

GaNDi-1 exhibited a thermal resistance of 3.91°C-mm/W due 

to defects at the interface with the diamond substrate, as 

discussed below.  

Fig. 2. a) Thickness (z) dependent lateral and vertical thermal conductivity for 
nanocrystalline diamond (NCD) developed using references samples of NCD 

on Si. b) Experimental and simulated average steady-state temperature as a 
function of DC power for sample GaNDi-2. 

 

The steady-state thermal resistance of sample GaNDi-2 was 

verified by 2D electrothermal simulation performed using 

Comsol®[18], where model details have been described 

elsewhere [19]. The thermal conductivity of the diamond 

substrate was assumed to be thickness-dependent and 

anisotropic as shown in Fig. 2a [20-24]. Using the thermal 

boundary resistance (TBR) at the GaN/diamond interface as a 

fitting parameter (20m
2 

K/GW), reasonable agreement 

between experiment and simulation can be obtained in steady 

state as seen in Fig. 2b.  The upward slope of the simulated 

curve is due to the increase in CVD with temperature. Above 

40 W/mm, uncertainty in the temperature dependence of CVD, 

TBR, and CTR in the samples compared to those used by 

Comsol® and TImager®, as well as the onset of gate leakage 

current in the on state, will affect agreement between 

measured and simulated temperatures in high-power GaN-on-

diamond HEMTs. 

 

Fig. 3. a) Measured and simulated transient temperature profiles comparing 
sample GaNDi-1 at 10.2 W/mm and GaNDi-2 at 20.7 W/mm using only the 

GaN/diamond TBR as a fitting parameter. b) Simulated effect of thermal 

boundary resistance (TBR) reduction on the transient thermal behavior of 
AlGaN-GaN HEMT on diamond at 20 W/mm output power.  

 

Table I. Summary of relevant electrothermal characteristics for samples GaNSi-1, GaNSi-2, GaNDi-1 and GaNDi-2. 

Sample RSH  

(/) 

µHALL  

(cm
2 

/ V-s) 

NSH  

(x10
12

  

cm
-2

) 

ID,MAX, 

VGS=1V 

(A/mm) 

VTH 

(V) 

ID,OFF 

-10VDS  

(mA) 

IG,REV 

-10VDS  

 (mA) 

GM 

(mS 

/ mm) 

RON 

(-mm) 

RTH 

(°C-mm 

/W) 

 
(ns) 

GaNSi-1 678 1520 6.06 0.15 -1.4 <0.01 <0.01 77.2 10.21 12.9 1120 

GaNSi-2 526 1443 8.22 0.46 -3.0 0.19 -0.28 82.6 9.01 4.5 960 

GaNDi-1 625 1588 6.29 0.45 -3.4 36.7 -0.058 52 9.56 3.91 150 

GaNDi-2 484 1367 9.44 0.48 -2.9 1.49 -2.7 75.7 9.12 2.95 161 
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The transient thermoreflectance technique also enabled the 

measurement of temperature fields in the time domain. A 

square pulse (10µs period, 50% duty cycle) applied to the 

gates of GaNDi-1 and GaNDi-2 HEMTs with identical 

geometry resulted in significantly lower TAVE in sample 

GaNDi-2 (Fig. 3a), even at twice the power level. Similar 

values for the thermal decay time constant were measured for 

both GaN-on-diamond samples with exponential decay fitting 

(Table I). Good agreement with transient thermal simulation 

for GaNDi-2 at 20 W/mm was obtained using essentially the 

same TBR value (18 m
2
K/GW) as in Fig. 2b. Fitting the data 

for sample GaNDi-1 required a TBR of 145 m
2
K/GW, 

suggesting that interface defects dominated the cooling rate in 

that device. Further improvement in transient thermal 

performance will be achieved as the GaN/diamond interface 

and the thermal conductivity of CVD diamond near the 

interface improve (Fig. 3b) [25, 26].  

 
 

  
Fig. 4. High resolution TEM micrographs of the GaN/SiN/diamond interface 

of a) sample GaNDi-1 showing a void in the SiN, b) sample GaNDi-1 
showing a void in the N-polar side of the GaN caused by H-plasma etching 

during diamond CVD, c) sharp, void-free interface between amorphous SiN 

and crystalline GaN for sample GaNDi-2, and d) SiN/polycrystalline diamond 
substrate interface for sample GaNDi-2 (delineated by the dashed red line). 

 

High-resolution TEM imaging of the interfaces was 

performed on the two generations of GaN-on-diamond devices 

to help understand the measured differences in thermal 

performance. For the earlier generation sample (GaNDi-1), 

nm-sized voids in both the SiN barrier (Fig. 4a) and the GaN 

near the interface (Fig. 4b) were observed in addition to a 

rough interface where the SiN barrier layer that was 

completely consumed in some places. By contrast, the more 

recent generation sample (GaNDi-2) exhibited a significantly 

improved quality of the interface (Fig. 4c) where an 

amorphous 244 nm thick SiN film preserved the N-polar 

GaN side from being etched by the H plasma, achieving a 

sharp GaN-diamond interface and lower thermal resistance. 

This result highlights the importance of preserving the 

barrier dielectric at the GaN/diamond interface. In Ref. 26, 

Middleton et al. reported thermal boundary resistance values 

using Element Six GaN-on-diamond HEMTs with a 700 nm 

and a 350 nm thick GaN buffer and interface dielectric 

thickness of 36 and 17 nm, respectively, resulting in thermal 

resistances of 4.2 and 2.61 K-mm/W for those samples. While 

the RTH=3.91 °C-mm/W measured on sample GaNDi-1 

compared very well to the 4.2 K-mm/K value in Ref. 26, we 

show that an RTH < 3 K-mm/K could be obtained by using a 

thinner SiN layer and keeping the GaN buffer relatively thick, 

potentially improving frequency performance in rf GaN-on-

diamond HEMTs. Thermal simulation without the SiN barrier 

reduced RTH by an additional 48%, confirming our hypothesis 

that optimizing diamond growth on N-polar GaN will drive 

future performance improvements for this technology.     

 

Fig. 5. Thermal performance of GaN HEMTs before (●) and after (■) 

diamond substrate in this work, benchmarked against earlier generations of 

GaN-on-Si (▼), GaN-on-SiC (▲), and GaN-on-diamond (♦) [27-30].  

IV. SUMMARY AND CONCLUSIONS 

This study provides the first direct comparison of GaN 

HEMTs before and after diamond substrate integration. High 

DC output power, combined with low measured channel 

temperature demonstrate the potential of GaN-on-Diamond 

technology for very high power (>50W/mm) GaN technology. 

Figure 5 shows samples GaNSi-2 and GaNDi-2 benchmarked 

against earlier GaN HEMT thermal management reports [7, 9, 

27-31]. Despite the high leakage current in our devices, which 

still limits their breakdown voltage, we demonstrate that from 

a thermal standpoint the CVD diamond substrate can absorb 

the heat generated in the HEMT channel as long as a low-TBR 

thermal path is provided by the fabrication process. Thus, a 

high-quality diamond growth process on N-polar GaN is most 

critical for optimizing this interface and maximizing GaN-on-

Diamond technology performance. 
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