
                          Sun, H., Pomeroy, J., Baranyai, R., Francis, D., Faili, F., Twitchen, D.
J., & Kuball, M. (2016). Temperature-Dependent Thermal Resistance
of GaN-on-Diamond HEMT Wafers. IEEE Electron Device Letters,
37(5), 621-624. https://doi.org/10.1109/LED.2016.2537835

Peer reviewed version

Link to published version (if available):
10.1109/LED.2016.2537835

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via IEEE at http://ieeexplore.ieee.org/document/7429696/?arnumber=7429696. Please refer to any applicable
terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1109/LED.2016.2537835
https://doi.org/10.1109/LED.2016.2537835
https://research-information.bris.ac.uk/en/publications/4c8bdf6a-98ef-4e38-bee3-1da438bc8355
https://research-information.bris.ac.uk/en/publications/4c8bdf6a-98ef-4e38-bee3-1da438bc8355


 

Abstract – The thermal properties of GaN-on-diamond HEMT 

wafers from 25 °C to 250 °C are reported. The effective thermal 

boundary resistance between GaN and diamond decreases at 

elevated temperatures due to the increasing thermal conductivity 

of the amorphous SiNx interlayer, therefore potentially 

counteracting thermal runaway of devices. The results 

demonstrate the thermal benefit of GaN-on-diamond for HEMT 

high power operations, and provide valuable information for 

assessing the thermal resistance and reliability of devices. 

 
Index Terms—GaN-on-diamond, HEMT, reliability, thermal 

resistance, temperature dependence. 

I. INTRODUCTION 

lGaN/GaN high electron mobility transistors (HEMTs) 

have revolutionized microwave applications with 

demonstrated power densities as high as 40 W/mm [1], and 

frequencies greater than 300 GHz [2]. However, self-heating is 

still a limiting factor and major concern for device reliability. 

SiC is used as a standard substrate material for AlGaN/GaN 

microwave HEMTs and has a thermal conductivity of 330–490 

W/mK. To increase the operational power density, diamond 

that has a ~ 4× higher thermal conductivity is being explored as 

an efficient heat spreading substrate for GaN HEMTs. The 

latest GaN-on-diamond technology has demonstrated a three-

fold increase in power density compared to GaN-on-SiC wafers 

[3,4]. However, for any GaN heteroepitaxy, an effective 

thermal boundary resistance (TBReff) exists between the GaN 

device layer and the substrate (SiC, Si, diamond, etc.), which 

includes contributions from the interfacial layers, the intrinsic 

thermal resistances at material boundaries, and crystal defects 

near the interfaces. The TBReff can be a significant thermal 

barrier for heat transfer from the GaN HEMT to the diamond 

substrate; moreover, its temperature dependence is an important 

factor for consideration in device design and reliability 

assessment. It has been previously reported that the TBReff of 

GaN/AlN/SiC increases substantially with temperature [5], 

whereas another study suggested only a moderate increase in 

TBReff for both GaN/AlN/SiC and GaN/AlN/Si from 300 K to 

550 K [6]. In both of these, the TBReff is effectively dominated 
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by the AlN nucleation layer, which has a decreasing thermal 

conductivity with temperature due to phonon-phonon scattering 

and lattice imperfection scattering. This, on top of the 

decreasing thermal conductivity of the GaN layer and the 

substrate as a function of temperature, will potentially 

contribute to device thermal runaway at high power density 

operations. For GaN-on-diamond, in comparison, the 

temperature dependence of TBRGaN-dia plays an even more 

important role as it accounts for a greater percentage of the total 

thermal resistance due to diamond’s much higher thermal 

conductivity. The GaN-on-diamond wafers characterized in this 

work incorporates an amorphous SiNx interlayer between GaN 

and diamond. Here we report the measurement of the thermal 

resistance at the GaN/SiNx/diamond interface and the effective 

thermal conductivity of the diamond substrate from 25 °C to 

250 °C using nanosecond transient thermoreflectance, and 

correlate the results with the properties of the amorphous SiNx 

layer and the thin nanocrystalline diamond near the nucleation 

surface. Implications of the temperature dependent thermal 

properties on the transistor thermal resistance are discussed. 

II. SAMPLES AND MEASUREMENT 

The GaN-on-diamond wafers originated from 0.7 m-thick 

AlGaN/GaN epilayers grown on Si. The Si substrate was 

removed, and a ~ 40 nm-thick amorphous SiNx layer was 

subsequently deposited on the exposed GaN surface using low-

pressure chemical vapor deposition (CVD), followed by the 

microwave plasma CVD growth of 100 m-thick 

polycrystalline diamond. Two samples were characterized: 

Sample A with a very thin diamond nucleation/transition region 

(< 10 nm) at the interface, and sample B with a thicker 

nucleation/transition region (estimated 50–100 nm). This is 

illustrated by the cross-sectional transmission electron 

microscope (TEM) images in Fig. 2(a). The variation was 

controlled by using different seeding methods for the diamond 

growth. The GaN-on-diamond samples were coated with a 10 

nm-thick Cr adhesion layer and then a 150 nm-thick Au film 

(measured by atomic force microscopy) for the optical 

measurement. 
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The transient thermoreflectance technique was described in 

detail in [7,8]: A 10 ns-pulsed 355 nm laser was used to heat the 

surface of the Au film, inducing a rapid temperature increase. 

A continuous 532 nm laser was then used to monitor the 

transient change in the reflectivity of the Au film which is 

proportional to the temperature rise. The samples were heated 

in a Linkam thermal stage up to 250 °C. A verified finite 

element (FE) transient thermal model [4] was used to extract 

TBRGaN-dia and the thermal conductivity of the diamond (dia) 

by fitting the measured transients.  

III. RESULTS AND DISCUSSION 

Fig. 1(a) shows measured thermoreflectance transients 

affected by the TBRGaN-dia and dia; Fig. 1(b) shows the modeled 

change in the normalized transient with respect to +10% 

variation in each thermal parameter. The sensitivity shows 

different magnitudes on different timescales following the spatial 

and temporal evolution of heat, which diffuses from the gold 

surface to the GaN layer, and deep into the diamond substrate. The 

measurement is not sensitive to the thermal conductivity of the 

Au transducer (Au) or the GaN layer (GaN) on any distinctive 

timescale, and hence reported values including their 

temperature dependencies were assumed for Au [9] and GaN 

[6]. The thin AlGaN barrier layer (~20 nm) was included in the 

lumped thermal resistance between Au and GaN, TBRAu-GaN. 

Similarly, the SiNx layer together with the diamond nucleation 

region and the GaN/SiNx and SiNx/diamond interfaces was 

included in TBRGaN-dia. TBRAu-GaN, TBRGaN-dia, and dia, was 

each obtained by fitting the transients on their respective most 

sensitive timescales (<100 ns for TBRAu-GaN, 100–500 ns for 

TBRGaN-dia, and >900 ns for dia). Other input parameters for the 

FE model include the UV laser’s spot size and pulse width, the 

thickness and temperature-dependent specific heat [10,11] of 

each layer. Representative fitting curves for sample B at 

different temperatures are shown in Fig. 1(a). From the fits the 

thermal properties for the two samples were determined at 

different temperatures. 

 
Fig. 1. (a) Measured transients for sample B at 25 °C and 250 °C and 

corresponding fitting curves. (b) Sensitivity of the thermal transient to different 

thermal parameters calculated using the finite element thermal model. 

 

Fig. 2(a) shows that TBRGaN-dia decreases as a function of 

temperature for both sample A and B. This is in contrast to 

GaN-on-SiC and GaN-on-Si both having positive temperature 

dependences of TBReff. It was previously shown that TBRGaN-

dia is predominantly associated with the amorphous SiNx [12]. 

The temperature dependence of TBRGaN-dia aligns with the 

increasing thermal conductivity of amorphous dielectrics with 

temperature [13,14]. Despite having a similar SiNx thickness, 

sample B exhibits a consistently greater TBRGaN-dia compared to 

sample A at all temperatures, suggesting additional 

contributions from the thicker nucleation region to the overall 

interfacial thermal resistance. To separate the different 

components of TBRGaN-dia, we make two assumptions based 

closely on the TEM observations (Fig. 2(a) inset). First, as 

sample A has a negligibly thin nucleation/transition layer, 

TBRGaN-dia is presumably dominated by the SiNx layer, and thus 

an effective SiNx (including GaN/SiNx and SiNx/diamond 

interfaces) versus temperature was extracted and plotted in Fig. 

2(b). The magnitude and temperature coefficient of SiNx may 

vary depending on the growth, thickness, and the degree of 

crystallinity/disorder of the SiNx film [15]. SiNx = 1.6 ± 0.1 

W/mK obtained at room temperature is consistent with SiNx 

thin films grown by similar methods [15,16]. Secondly, the 

additional thermal resistance in sample B with respect to A is 

attributed to the thicker diamond nucleation/transition layer. 

We can therefore estimate the thermal conductance of the 

nanocrystalline diamond (NCD) layer. This represents the NCD 

layer’s thermal conductivity per unit thickness (NCD/dNCD). As 

displayed in Fig. 2(b), NCD/dNCD is ~ 0.1 GW/m2K and is nearly 

constant in the measured temperature range. Given the TEM-

estimated 50–100 nm thickness for the NCD layer in sample B, 

this translates to a NCD of 5–10 W/mK, consistent with reported 

thermal conductivities for nanocrystalline diamond films [17]. 

Due to the presence of the NCD layer, the reduction in TBRGaN-

dia for sample B is only ~ 15% in the measured temperature 

range, whereas this is ~ 30% for A (as the main contribution is 

the SiNx layer). In this case a lower TBRGaN-dia such as for 

sample A is more desirable for heat dissipation. 

 
Fig. 2. (a) TBRGaN-dia versus temperature for sample A and B, respectively. The 

curves are a guide for the eye. Inset: Cross-sectional TEM images of the 
GaN/SiNx/diamond interfaces. (b) Effective thermal conductivity of SiNx and 

thermal conductance of nanocrystalline diamond (NCD) extracted from the 

results in Fig. 2(a). 

 

Due to the columnar growth and coalescence of CVD 

polycrystalline diamond, strong gradients in the thermal 

conductivity are present from the nucleation surface towards 

the growth direction within the diamond [18]. One benefit of 

the transient thermoreflectance is that it probes the effective dia 

of the diamond as grown on GaN, which represents the spatially 

weighted average over the 100 m diamond thickness in the 



growth direction. This is the diamond thermal conductivity 

having the greatest relevance to the device thermal resistance 

and which is highly dependent on the specific diamond growth 

conditions and crystal microstructures [19]. As shown in Fig. 3, 

dia decreases with temperature and can be approximated with 

an empirical expression ~ 1300 (T/300K)–0.9 W/mK. For 

comparison the thermal conductivity for optical grade CVD 

bulk diamond [20] is also plotted. There is no sizable difference 

in dia between sample A and B, as the only difference between 

the two samples is the thin nucleation region during the 

beginning stage of the diamond growth, which was included in 

TBRGaN-dia. The extracted temperature coefficient of dia (–0.9) 

is greater than that for single crystal SiC (e.g., –1.55 in Ref. 21). 

This means that the increase in device thermal resistance at 

elevated temperatures for the diamond used here is less 

prominent than that for SiC substrate devices. This further 

favors the use of polycrystalline diamond as the heat spreading 

substrate, in addition to the decreasing thermal resistance at the 

interface for GaN-on-diamond devices. 

 

 
Fig. 3. Effective thermal conductivity of the diamond substrate as grown on 
GaN. For comparison, temperature dependent thermal conductivities of CVD 

optical grade bulk diamond [20] and SiC [21] are also included. 

 

 
Fig. 4. Modeled transistor channel peak temperature rise at 25 °C, 100 °C, and 

150 °C base plate temperatures, with measured temperature dependent and 

assumed constant TBRGaN-dia as input, respectively.  The transistor consists of 

8×125 m gate width, 43 m gate pitch, 0.7 m-thick GaN buffer layer on 

diamond. 
 

The temperature-dependent thermal properties of GaN-on-

diamond HEMT wafers affect the device thermal resistance. To 

assess this, we use the measured TBRGaN-dia (of sample A having 

a lower thermal resistance) and dia in a FE transistor thermal 

model to calculate the channel peak temperature rise (Tchannel 

= Tchannel –Tbase). The device consists of a typical 8×125 m gate 

width, 43 m gate pitch transistor layout with a 0.7 m-thick 

GaN buffer layer on diamond substrate. Fig. 4 shows that the 

measured TBRGaN-dia, which decreases with temperature, results 

in consistently lower Tchannel than when assuming constant 

TBRGaN-dia. The difference is greater at higher power 

dissipations when interface temperatures are raised. This 

potentially reduces the risk of device thermal runaway, as 

opposed to the cases of GaN-on-SiC and GaN-on-Si. The effect 

of the temperature dependent TBRGaN-dia is more pronounced at 

elevated Tbase as often used in RF accelerated life tests, as 

illustrated in Fig. 4. The difference in Tchannel between assumed 

constant TBRGaN-dia and measured TBRGaN-dia is ~ 10% at 100 

°C or 150 °C Tbase with a power dissipation of 12 W/mm. This 

translates to a difference of one order of magnitude in operating 

life if we assume a typical activation energy of 1.8 eV for 

thermally driven wearout [22]. At high temperatures during 

device operation, the reduced thermal conductivity of GaN 

causes the in-plane heat dissipation near the device channel to 

be less efficient, and thus a decreased TBRGaN-dia is particularly 

beneficial as it allows the heat to flow more efficiently into the 

diamond substrate. It should be noted that the critical impact of 

the diamond substrate on the device electrical performance, as the 

material originated from a qualified epitaxy (GaN-on-Si), is the 

lower thermal resistance and thus reduced device channel 

temperatures. The DC and RF electrical characteristics of related 

GaN-on-diamond devices were reported in recent publications 

[23,24], and it was shown [25] that the DC current droop in the 

saturation region due to self-heating is substantially reduced for 

GaN-on-diamond HEMTs compared to GaN-on-SiC and GaN-on-

Si devices. 

In conclusion, the thermal properties of GaN-on-diamond 

HEMT wafers have been characterized from 25 °C to 250 °C 

using nanosecond transient thermoreflectance. TBRGaN-dia 

decreases with temperature, which is characteristic of the 

amorphous SiNx interlayer. The nanocrystalline diamond layer 

near the nucleation surface also contributes to TBRGaN-dia, and 

its thermal conductance is estimated to be ~ 0.1 GW/m2K nearly 

independent of temperature. The effective thermal conductivity 

of the diamond substrate can be approximated as dia ≈ 1300 

(T/300K) –0.9 W/mK. These findings demonstrate the favored 

thermal properties of GaN-on-diamond compared to GaN-on-

SiC and GaN-on-Si over a temperature range relevant for 

device operations. The temperature dependent thermal 

properties impact the understanding of GaN-on-diamond 

HEMTs, and provide essential input for assessing the GaN-on-

diamond transistor thermal resistance, especially at high power 

densities and in RF reliability tests. 
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