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ABSTRACT 
Achieving high interface thermal conductance is one of the biggest challenges in the nanoscale heat transport of GaN-based 
devices such as light emitting diodes (LEDs), and high electron mobility transistors (HEMTs). In this work, we experimentally 
measured thermal boundary conductance (TBC) at interfaces between GaN and the substrates with AuSn alloy as a 
commonly-used adhesive layer by time-domain thermoreflectance (TDTR). We find that the TBCs of GaN/Ti/AuSn/Ti/Si, GaN/ 
Ti/AuSn/Ti/SiC, and GaN/Ti/AuSn/Ti/diamond, are 16.5, 14.8, and 13.2 MW·m–2·K–1 at room temperature, respectively. Our measured 
results show that the TBC of GaN/Ti/AuSn/Ti/SiC interface is inferior to the TBC of pristine GaN/SiC interface, due to the large 
mismatch of phonon modes between AuSn/Ti and substrates, shown as the difference of Debye temperature of two materials. 
Overall, we measured the TBC at interface between GaN and thermal conductive substrates, and provided a guideline for 
designing the interface between GaN and substrate at HEMT from a thermal management point of view. 
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1 Introduction 
Gallium nitride (GaN) is an important wide bandgap semi-
conductor commonly used for high electron mobility transistors 
(HEMTs), high power radio frequency (RF) devices, diodes and 
power electronics because of its high breakdown voltage, high 
electron mobility and high-switching-frequency [1–5]. However, 
in these energy-intensive applications, the performance of GaN- 
based devices is limited by substantial temperature rise due to 
massive hot spot induced by high power and high frequency, 
which causes reduced electron mobility, increased gate leakage, 
and degraded device lifetime [6–8]. In order to efficiently 
remove heat from hot spot, high thermal conductivity 
substrates such as Si (~ 140 W·m−1·K−1), SiC (~ 390 W·m−1·K−1) 
and diamond (~ 2,000 W·m−1·K−1) are used as heat sinks for 
GaN-based devices [9–17]. 

For nanoscale and microscale GaN devices, interfaces play a 
critical rule in impeding heat dissipation. The thermal boundary 
resistance (TBR) at interface is equivalent to as large as 
micrometer-thick heat sink’s thermal resistance, and cannot 
be ignored [18–22]. For example, Ziade et al. [23] reported that 

the thermal boundary conductance (TBC, which is the reciprocal 
of TBR) at the interface of GaN/SiC was 230 MW·m−2·K−1, 
which is equivalent to the thermal resistance of 1.7-μm-thick 
SiC. It is thus important to understand the TBR of GaN devices 
for better design of thermal management. 

In practical application, solders like AuSn and AuIn are 
often used as bonding layers to enhance the heat transfer 
between GaN and substrates [24, 25]. However, as the AuSn alloy 
has a low Debye temperature and large Debye temperature 
mismatch with typical substrates such as Si, the overall heat 
dissipation performance of introducing AuSn adhesion layer 
is still an open question. Donovan et al. [26] found that the 
TBC of Au/GaN interface was 57 MW·m−2·K−1 at 300 K, which 
is only one-fourth of that of the GaN/SiC interface, showing 
that the mismatch of phonon modes between Au and GaN is 
a concern for thermal transport. Therefore, experimental 
investigation on heat dissipation performance on GaN-based 
devices with AuSn adhesion layer is of great importance. 

In this paper, we measured the thermal boundary conductance 
at the interface of GaN and substrates with AuSn/Ti as an 
adhesion layer. By using time domain thermal-reflectance 
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(TDTR), the TBCs between AuSn/Ti adhesion layer and Si, 
SiC, diamond, and GaN were measured as 37.0, 29.5, 23.5, and  
31.2 MW·m−2·K−1 at room temperature, respectively. We find 
that the TBC of GaN/Ti/AuSn/Ti/SiC is much lower than the 
TBC of pristine GaN/SiC interface where GaN was directly 
grown on SiC substrate, showing that the introduction of 
AuSn/Ti adhesion layer causes an inefficient heat dissipation 
at interface. This is understood by the large mismatch of 
Debye temperature between AuSn/Ti and the substrates. Our 
work provides an important benchmark for TBC of AuSn/Ti 
adhesion layer with common substrates, and thus helps improve 
the thermal design of GaN-based devices. 

2  Experimental 

2.1  Materials growth 

The schematic illustration of the fabrication of samples is shown 
in Fig. 1(a). The three substrates (Si, SiC, and diamond) and 
GaN were evaporated with AuSn/Ti on the surface. Si wafer 
was purchased from Sumco Corporation, while high quality 
diamond and 4H-SiC substrates were homegrown in Shandong 
University [27, 28]. The p-type Si(111) and the 4H-SiC(0001) 
had resistivities of 10 and 108 Ω·cm−1, respectively. Diamond was 
grown in cubic high-pressure apparatus under high temperature 
of 1,300–1,500 °C and at a nominal pressure of 5.6 GPa. The 
surface of substrates was cleaned by ethanol, acetone, and 
de-ionized water before loading into the vacuum chamber for 
e-beam evaporation. An adhesion layer of 5-nm-thick Ti was 
evaporated on the substrate surface under the vacuum of 
2 × 10−6 mbar with a growth rate of 0.2 Å·s−1, followed by 
e-beam evaporation of AuSn layer (about 100-nm-thick) under 
the vacuum of 8 × 10−6 mbar with a growth rate of 10 Å·s−1. 
The AuSn target material had a high content of Au (80 wt.%) 
and low content of Sn (20 wt.%), following the application of 
AuSn solder commonly used in semiconductor industry [29]. 
The cross-sectional transmission electron microscopy (TEM) 
images of AuSn/Ti/SiC interface are shown in Figs. 1(b)   
and 1(c). The thickness of AuSn/Ti layer was measured as  
122 nm, which is consistent with the nominal thickness. It can 
be seen that there is an amorphous Ti layer between the AuSn 
bonding layer and SiC substrate. The GaN was grown by 
metal-organic chemical vapor deposition (MOCVD) using a 
200-nm-thick nucleation layer on Si(111) substrate with a 
thickness of ~ 1 mm. 

 
Figure 1  (a) Schematic figure of GaN/SiC interface with introduction of 
AuSn/Ti bonding. (b) and (c) Cross-sectional TEM images of AuSn/Ti/SiC 
interface. The scale bar is 100 nm in (b) and 10 nm in (c). 

2.2  Thermal conductivity measurement 

We used TDTR to characterize the thermal properties of the 
samples. The fundamental of this method can be found elsewhere 
[30–33]. In a typical measurement, a periodically modulated 
pump laser was used to heat the sample, while the time-delayed 
probe laser beam measured the surface temperature through 
the change in the reflectance of AuSn, which served as a 
transducer. The amplitude and phase response of the reflected 
probe beam was recorded by a lock-in amplifier. The 1/e2 radii 
of the pump and probe beams were both 12 μm at the sample 
surface. The selection of modulation frequency of the pump 
has a great impact on the measurement sensitivity to thermal 
conductance, which affects the measurement uncertainty of 
TBC. The suitable modulation frequencies of the pump for 
AuSn/Ti on three substrates (Si, SiC, and diamond) and the 
GaN sample were 4.6, 10.1, 4.6, and 4.6 MHz, respectively. 
Samples were loaded into a cryostat (Janis ST-500) with vacuum 
(~ 10−6 mbar) at temperature from 100 to 450 K. The TBC 
and thermal conductivity of substrates were extracted by 
comparing the experimental data with an analytical solution 
to the heat diffusion equation of multilayers [30]. 

3  Results and discussion 
The TBCs at AuSn/Ti/GaN and AuSn/Ti/substrate were measured 
by TDTR, and the equivalent TBC at GaN/substrates with 
AuSn/Ti bonding layer was calculated. 

In the measurement, the TBC of AuSn/Ti/substrate is defined 
as one unknown parameter for the fitting. Considering that 
the thermal conductance at metal/metal interface is at      
~ GW·m−2·K−1 [34, 35], and the Ti layer has a thickness of 5 nm, 
the contribution of TBCAuSn/Ti and thermal conductivity of   
Ti Ti to the overall TBC of AuSn/Ti/substrate interface is 
neglectable. To show the validity of TDTR measurement, the 
measured data and best fitting of Si, SiC, GaN, and diamond 
are shown in Fig. 2, which shows the fitted curves are in good 
agreement with experimental data. 

 
Figure 2  Experimental data (open circles) and best fitting (solid lines) 
of TDTR measured results. 

To further check the reliability of the parameter setup of 
this thermal model, we performed the sensitivity analysis and 
present the result in Fig. 3. The sensitivity S to any parameter 
 in our thermal model is calculated as [29] 

in outln( / ) 
lnα
V VS

α
¶ -

=
¶

              (1) 

where Sα is the sensitivity to parameter α; in out/V V-  is the 
TDTR signal, and α is the parameter we are interested in. 
High sensitivity Sα indicates that the thermal model is suitable  
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Figure 3  The sensitivity of TDTR measurement to AuSn thermal con-
ductivity AuSn, Ti thermal conductivity Ti, TBC at interface, and 
substrate thermal conductivity  for (a) Si, (b) SiC, (c) diamond, and (d) 
GaN samples. 

for measurement of parameter α. Two notable features can be 
seen from Fig. 3. First, the sensitivity to TBC of all the samples 
is larger than 0.2 in most of delay time, showing that the 
thermal model is sensitive enough for TBC measurement. 
Second, the sensitivity to TBC (> 0.4 for all samples at 100 ps) is 
much higher than the sensitivity to substrate thermal conductivity, 
indicating that the thermal boundary resistance at AuSn/ 
Ti/substrate interface is dominant when heat flows across the 
interface. The sensitivity to substrate thermal conductivity 
increases at longer delay time, which is physically intuitive as 
the heat is diffused into the substrate. 

The parameters used to calculate sensitivities are given in 
Table 1, where Cv is volumetric heat capacity; Λ^  is thermal 
conductivity at cross-plane direction, and d is thickness. As 
the 1/e2 radius of the laser spot size is 12 μm, large enough 
to ensure one-dimensional heat flow approximation at the 
cross-plane direction, the anisotropic thermal conductivity of 
the substrate is neglected [36]. 

Specifically, the thickness of AuSn alloy is crucial to 
measurement results, so a careful calculation of thickness was 
carried out using picoacoustics (Fig. 4) [42] and the thickness of 
AuSn/Ti is determined to be 100 to 120 nm, which is consistent 
with the thickness in cross-sectional TEM images. By summing 
up the error introduced by each parameter using calculated 
sensitivity, the uncertainty of measured TBCs is deduced as 
4%–10% for all samples. 

The prediction of TBC is achieved by applying diffuse 
mismatch model (DMM) [43]. In this model, only elastic 
phonon scattering is considered, and a phonon with frequency 
ω can only transmit energy across the interface with another 
phonon with the same frequency ω. Assuming a Debye 
approximation of phonon dispersion relationship, the phonon 
transmission probability A( )α ω  can be written as [43] 

Table 1  Parameters used to calculate the sensitivity at 300 K. 

Material Cv (MJ·m−3·K−1)  Λ^ (W·m−1·K−1)  d (nm) Ref.

AuSn 2.16 58 104–116 [37]
Ti 2.37 22 5 [38]

SiC 2.08 390 Bulk [39]
Si 1.60 140 Bulk [40]

Diamond 1.81 1,100 Bulk [41]
GaN 2.61 200 Bulk [39]

 
Figure 4  The picoacoustics from TDTR measurement of (a) Si, (b) SiC, 
(c) diamond, and (d) GaN samples. 
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where v  is phonon group velocity; subscripts A and B refers 
to materials at one and the other side of interface, respectively, and 
j is the branch of phonons. In this way, TBC is given by [43] 

Debye
A ,

A, A, A
0

1TBC  ( , ) ω· ·( ) ( )d
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j j
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D ω f ω T v α ω ω
T
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=
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where D is the phonon density of states; f is Bose-Einstein 
distribution; v  is phonon group velocity; Debye

A, jω  is the Debye 
frequency of phonon mode j in material A. The parameters 
used for calculation are listed in Table 2. The measured data 
and calculated TBC as a function of temperature are concluded 
in Fig. 5. The measured TBCs for AuSn/Ti/Si, AuSn/Ti/SiC, 
AuSn/Ti/diamond, and AuSn/Ti/GaN interface are 37.0 ± 2.2, 
29.5 ± 1.9, 23.5 ± 1.7, and 31.2 ± 2.7 MW·m−2·K−1 at 300 K. 
The difference of TBC is caused by the mismatch of phonon 
dispersion between Ti and Si, SiC, GaN, and diamond substrates 
[44], which can be seen from the difference of Debye tem-
perature (Table 2).  

The TBC predicted by DMM shows similarity in temperature 
dependency with the measured data: The thermal conductance 
increases as the temperature rises due to the increasing number 
of phonons participating in heat transport at interfaces, which 
is the basics for DMM and other Landauer-based theories that 
phonons are viewed as quasi-particles [46]. However, the 
measured TBC is lower than the DMM calculated value by 
50% to 90%, showing that the defects are critical for interface 
heat transfer [47]. 

Table 2  Thermal properties used to calculate the DMM using Eq. (3), 
including acoustic longitudinal and transverse speeds (vl and vt) of sound 
and Debye temperature TD of materials 

Material vt (m·s−1) vl (m·s−1) TD (K) Ref. 

AuSn 1,292 3,233 — [37] 
Si 5,332 8,970 645 [44] 

SiC 7,100 13,100 1,300 [23] 
Ti 3,125 6,070 270 [45] 

Diamond 12,800 17,500 2,250 [23] 
GaN 4,130 8,040 600 [39] 
AlN 6,220 10,970 1,150 [39] 
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Figure 5  Measured and calculated results by DMM at interface between 
AuSn/Ti and substrates. The measured results are shown in solid symbols, 
and DMM prediction values are shown in lines. 

As AuSn is a commonly used adhesive layer for GaN-based 
devices, we used the measured result to calculate the TBC at 
GaN/substrate interface with Ti/AuSn/Ti as bonding layer. 
The TBC of GaN/Ti/AuSn/Ti/SiC was calculated by Fourier’s 
Law using TBC of AuSn/Ti/GaN and TBC of AuSn/Ti/SiC. In the 
thermal model, the heat is conducted in a layered structure 
from GaN to SiC, and the thermal resistance can be divided into 
five parts: GaN/Ti, Ti, AuSn, Ti, and Ti/SiC. The thicknesses 
of Ti and AuSn were set as 5 and 40 nm, respectively, and the 
total thermal resistance was calculated, as shown in Table 3. 
Based on the calculation, when the bonding layer is Ti (5 nm)/ 
AuSn (40 nm)/Ti (5 nm), the TBCs are 16.5, 14.8, and    
13.2 MW·m−2·K−1 for GaN on Si, SiC, and diamond, respectively. 
Noting that this value is significantly lower than the TBC of 
pristine GaN/SiC interface, the introduction of AuSn/Ti bonding 
layer is negative in the overall heat transfer performance. 

Table 3  Calculation of TBC at GaN/Ti/AuSn/Ti/SiC interface 

Layer GaN/Ti Ti AuSn Ti Ti/SiC

Thermal conductivity 
(W·m−1·K–1) 0.0312 17 58 17 0.0295

Thickness (nm) 1 5 40 5 1 

Thermal resistance 
(m2·K·W−1) 

3.2 × 
10−8 

2.9 ×  
10−10 

6.9 ×  
10−10 

2.9 × 
10−10

3.4 × 
10−8 

Total thermal resistance 
(m2·K·W−1) 6.8 × 10−8 

Total thermal conductance 
(MW·m−2·K−1) 14.8 

4  Conclusion 
In this work, we fabricated a AuSn/Ti layer on Si, SiC, diamond 
substrates, and GaN-based devices. The TBC of GaN on 
substrates with AuSn/Ti bonding layer was measured by TDTR 
method. The total TBCs between GaN-HEMT and the substrates 

(Si or SiC or diamond) with a bonding layer of Ti (5 nm)/ 
AuSn (40 nm)/Ti (5 nm) are 16.5, 14.8, and 13.2 MW·m−2·K−1, 
respectively, substantially lower than the thermal con-
ductance of GaN/SiC interface. The reduction on thermal 
conductance is attributed to the mismatch of phonon 
frequencies across the interface. Our work provides a guiding 
significance that the introduction of metal bonding layer is  
not naturally beneficial for heat conduction, the overall 
performance is limited by phonon dispersion mismatch at 
the interface. 
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