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Abstract 

The thermal properties of a nanostructured semiconductor are affected by 

multi-physical fields, such as stress and electromagnetic fields, causing changes in 

temperature and strain distributions. In this work, the influence of stress-dependent 

thermal conductivity on the heat transfer behavior of a GaN-based nanofilm is 

investigated. The finite element method is adopted to simulate the temperature 

distribution in a prestressed nanofilm under heat pulses. Numerical results 

demonstrate the effect of stress field on the thermal conductivity of GaN-based 

nanofilm, namely, the prestress and the thermal stress lead to a change in the heat 

transfer behavior in the nanofilm. Under the same heat source, the peak temperature 
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of the film with stress-dependent thermal conductivity is significantly lower than that 

of the film with a constant thermal conductivity, and the maximum temperature 

difference can reach 8.2 K. These results could be useful for designing GaN-based 

semiconductor devices with higher reliability under multi-physical fields. 

Keywords: Multi-physical effect, Stress-dependent thermal conductivity, Prestress 

fields, Heat transfer behavior, GaN-based nanofilm, Finite element method 

1. Introduction

Semiconductor-based micro/nanoelectronic devices suffer from the multi-physical 

environment in applications, such as stress, temperature, electromagnetic and 

radiation fields [1-8]. These physical fields cause changes in the physical properties of 

nanostructured materials through surface/interface effects and quantum effects [9-16], 

thus affecting the performance and reliability of micro/nanoelectronic devices. The 

multi-field coupling leads to temperature and stress/strain distributions in electronic 

devices [17-24], and the affected material properties cause further changes in the 

distributions of internal temperature, electric potential, and stress. Such complex 

thermo-electro-mechanical coupling could cause the failure of semiconductor 

materials and devices. 

    Finite element methods have been widely used to analyze the multi-physical 

coupling behaviors in electronic devices. For example, Calame et al. [25] developed a 

finite element method for thermodynamic simulation to study the microchannel 

technology for cooling GaN-based high-electron-mobility transistors (HEMTs) and 
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determine the choice of crystalline materials that minimizes temperature and stresses 

in these devices. Bykhovsk et al. [26] conducted finite element simulations and found 

that the strain-induced electric field changed the voltage threshold of a GaN/AlN/GaN 

semiconductor-insulator-semiconductor (SIS) structure, leading to an asymmetric 

charge distribution and asymmetric capacitance-voltage characteristics. Rivera [27] 

found that the electromechanical performance of a capacitor is affected by the 

electrostatic force between the electrodes based on thermodynamic calculations. 

Wang et al. [28] studied the transient temperature and thermal stress distributions in 

copper, polysilicon, and tungsten/polysilicon through-silicon vias (TSV) under pulsed 

voltage using a modified mixed-time finite element method. Ancona et al. [29] 

established a multi-dimensional continuous coupling model for simulating the 

thermoelastic behavior of GaN HEMTs based on linear thermo-electro-elastic theory, 

Fick’s law, and the heat-conduction equation. Zhang et al. [30] used a 

well-functioning-hybrid time-domain finite element method to calculate the 

temperature and thermal stress variations of a multi-gate AlGaN/GaN HEMT device 

under periodically pulsed power signals. Using the same mixed-time finite element 

method, Zhang [31] further studied the effect of diamond heat sinks on the static and 

transient thermal response in AlGaN/GaN HEMTs. It is noted that the effect of stress 

on thermal conductivity has not been taken into account in existing analyses of the 

multi-physical coupling behaviors of GaN-based structures, though existing studies 

have demonstrated that the thermal properties of semiconductor nanostructures are 

dependent on stress/strain fields [14, 32-37].  
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In this work, we provide an insight into the temperature response and stress 

distribution of a stressed-GaN nanofilm under heat pulses. The influence of 

thermo-mechanical coupling on temperature distribution in GaN-based films is 

investigated by using the finite element method. Numerical results show that the 

stress-dependent thermal conductivity causes a change in temperature distribution in 

the films under a pulsed heat source. The maximum change of temperature could be 

several degrees. The results obtained in this work would provide theoretical support 

for designing reliable GaN-based devices under multi-physical fields. 

2. Theoretical Description 

   The effect of a stress field on the phonon and thermal properties of GaN-based 

nanofilms has been studied comprehensively in our previous work [38-43]. According 

to these studies, the phonon properties and phonon thermal conductivity under a stress 

field can be significantly different from those without stress in GaN-based 

nanostructures, and the effect of stress field on thermal conductivity also depends on 

temperature [14, 39, 42]. Herein, a GaN-based nanofilm with a thickness of 6 nm is 

taken as an example to reveal the variation in the heat transfer behavior of 

stressed-nanofilm under a pulsed heat source. Since there is thermal stress in the film 

under heat pulses, the effects of both mechanical and thermal stresses on thermal 

conductivity must be considered. The stress-dependent thermal conductivity of 

GaN-based nanofilm is described in section 2.1. The governing equations for heat 

transfer and the related weak form are presented in sections 2.2 and 2.3, respectively, 

which lead to the finite element formulation of determining temperature and stress 
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fields in a stressed nanofilm under heat pulses.  

2.1. Stress Coupling Effect on Thermal Conductivity in Semiconductor Nanofilm 

    The phonon thermal conductivity is one of the most important thermal properties 

of semiconductor nanomaterials, which can be expressed as: 
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where, / Bx k T  ,   represents a phonon frequency, ħ the Planck constant, Bk  

the Boltzmann constant, n  the phonon relaxation time, T the temperature, and nf  

and vn, respectively, the phonon density of state (DOS) and group velocity for a given 

number of phonon mode n. The function fn(x) can be expressed for nanofilm as  
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where, SH, SA, and AS denote the shear mode, dilatational mode, and flexural mode 

for phonons in nanofilm, respectively, H the thickness of the nanofilm, and 
0q  the 

phonon wave vector. The group velocity vn(x) is expressed as: 

  0
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                          (3) 

Before achieving the phonon group velocity and phonon DOS, the phonon dispersion 

relation of a nanofilm should be determined. The previous studies have demonstrated 

that an elastic model can well describe the phonon dispersion relation of nanofilms 

[44-47]. Based on the elastic model, the eigenvalue equation for phonons is given as 

[14, 48]
 

   2

3 3
ˆ ˆu x u x D                       (4) 

where 
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D    (5) 

The boundary condition is 

1 13 23 33,   0
2

H
x                          (6) 

For the shear (SH) mode, the displacement field is 2
ˆ (0, ,0)u u , and the eigenvalue 

equation of the shear mode can be expressed as 
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For the dilatational (SA) and flexural (AS) modes, 1 3
ˆ ( ,0, )u u u , the eigenvalue 

equations are: 
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      (8) 

Eqs. (7) and (8) can be numerically solved for the phonon dispersion relations of SH, 

SA, and AS modes.  

From the expression for phonon thermal conductivity of a nanofilm, Eq. (1), one 

can find that the thermal conductivity is related to the phonon group velocity, DOS, 

and the relaxation time, all of which are the function of phonon frequency. When a 

prestress field exists, the stress-dependent terms can be involved in the effective 

elastic modulus in the elastic model given in Eqs. (4)-(8), leading to the 

stress-dependent phonon frequency. For the GaN-based nanofilms under a prestress 
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field as shown in Fig. 1(a), the calculated phonon thermal conductivities as a function 

of the applied stress is shown in Fig. 1(b). It is noted that a compressive (tensile) 

stress increases (decreases) the thermal conductivity. The larger applied stress leads to 

a more significant change in thermal conductivity. The experimental studies 

demonstrated that the prestress could be in the order of GPa [49, 50] in nanodevices. 

These significant prestresses can be induced by the lattice misfit between a nanofilm 

and a substrate. Therefore, in Fig. 1, the prestress is in the order of GPa, which can 

cause a significant change in the thermal conductivity. 

2.2. Governing Equations of Heat Transfer in a Nanofilm  

   The temperature distribution in the stressed-nanofilm under a pulsed heat source 

can be simulated based on the heat transfer equations with prescribed boundary 

conditions, which is expressed as  

Ph( ) ( )e

T
T J c

t
 


    


                  (9) 

in which Ph  is the stress-dependent thermal conductivity, 
eJ  an external heat 

source, c specific heat, and   the density of material. Since the thermal conductivity 

Ph  is a function of stress, it is no longer a constant before the Laplace operator but 

needs to be kept in the divergence operator, as shown in Eq. (9). The general 

boundary conditions of the temperature filed in a nanofilm are summarized as follows. 

The convective boundary condition is 

Ph | ( , ) ( )
c c cM S S S e

T
q M t T T

n
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in which ( , )
cSq M t

 
is the heat flux from the surrounding medium into the 

temperature field, 
 
the convection coefficient, 

cST  the temperature of the 
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boundary cS , and eT
 
the environment temperature (room temperature unless 

otherwise specified). M represents a point on the boundaries. The conduction 

boundary condition is 

2 2Ph | ( , )M S S

T
q M t

n
 





                    (11) 

in which 
2
( , )Sq M t

 
is the heat flux intensity of normal conduction at any point of the 

conduction boundary 2S . Here /T n   refers to the gradient value of the 

temperature field along the normal direction of the boundary. The boundary condition 

with a given temperature is 

1
( , ) | ( , )M ST M t M t                    (12) 

Here,   is the temperature on the boundary 1S . The initial condition can be given as 

0( , ) |t eT x y T                          (13) 

i.e., the initial temperature is room temperature. 

2.3. Finite Element Formulation of Temperature Field under a Pulsed Heat 

Source 

Based on Eqs. (9)–(13), the finite element formulae of transient temperature 

distribution can be derived by the variational method. For the region  , one can 

choose a weighted function   and apply the Galerkin method to Eq. (9) to obtain 

Ph( ) d 0e

T
T J c

t
  



 
       


          

(14) 

Using Gauss theorem and combining with boundary conditions of Eqs. (10 – 12), one 

can derive 
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Choosing a trial function T   and marking the shape functions of an element as

[ ] [ ( , )]et et

e eN N x y , the finite element formula of transient temperature distribution 

is obtained as: 
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Here, [ ]et

T eK
 
and [ ]et

c eK
 
are conduction matrix and convection matrix, respectively; 

[ ]et

B eR , [ ]et

c eR
 
and [ ]et

s eR
 
are nodal heat flux vectors generated by external heating, 

convection, and conduction, respectively. They are expressed as 
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The global finite element equations are obtained by assembling the elemental stiffness 

matrix [ ]et

eC , [ ]et

eK
 
and the right-hand-side array [ ]et

eR  as 
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[ ][ ] [ ][ ] [ ]et et etT
C K T R

t


 

                 
   (20) 

3. Results and Discussion 

Suppose that a GaN-based nanofilm is subjected to a compressive prestress of 10 

GPa, as shown in Fig. 1. For a nanofilm under a pulsed heat source, only the 

convective boundary conditions are considered and the evolution of the temperature 

field is solved by the Crank-Nicolson method. The initial/room temperature is 293 K 

in our setting. Other geometric and physical parameters of the film are given in Table 

1 [51-53]. 

3.1. Heat Transfer in Nanofilm under Multiple Heat Pulses 

  In this subsection, we analyze the heat transfer behavior of stressed-nanofilm 

under the multiple heat pulses. The results are shown in Fig. 2(a). Three different 

amplitudes of heat pulse are selected to compare the influence of stress-dependent 

thermal conductivity on temperature response at the center of the plate, as shown in 

Fig. 2(b). It is found that the multiple heat pulses make the film temperature fluctuate 

with an increasing trend. The peak value of temperature increases with the number of 

heat pulse, and the attenuation of temperature in the film is slow. In this case, the 

temperature difference caused by the stress effect on thermal conductivity can be 8.2 

K, which is about 1.8% of the peak temperature.  

 To have a clearer demonstration of the stress coupling effect, we show the 

distribution of temperature difference in Fig. 3(a) with the heat pulse amplitude of 

1.5×1011 W/m3. The temperature distributions at the peak times of 0.1788 s and 

0.1789 s under two circumstances (i.e., with and without stress coupling effect) are 
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compared. As shown in Fig. 3(a), the increase in the number of pulse makes the 

overall temperature of the film higher, and the heat quickly spreads to the edge of the 

film. At the same time, the increase in the pulse number enhances the stress effect on 

thermal conductivity, which leads to a more significant temperature difference of 8.2 

K. The temperature difference expands from the central region to the edges of the film. 

Figure 3(b) shows the distribution of thermal stress at a peak time for the case of 

stress-dependent thermal conductivity. Thermal stress is zero in the region where the 

in-plane temperature has not risen. Compared with the case of single-pulse heat 

source, Fig. 3(b) shows that heat diffuses further significantly as the pulse number 

increases, and thermal stress is generated in more regions. The maximum magnitude 

of thermal stress increases sharply and can be around 300 MPa. 

3.2. Heat Transfer in a Nanofilm under Different Prestresses 

  In previous subsections, the stress coupling effect on the thermal conductivity of a 

GaN-based nanofilm has been discussed with the fixed in-plane prestress of -10 GPa. 

To explore the influence of different prestresses, we consider the prestresses of -5 GPa 

and -1 GPa with the same initial and boundary conditions. Figure 4 shows the 

temperature variation of the loaded region resulted from a multi-pulsed heat source 

with an amplitude of 1.5×1011 W/m3 under different prestresses. If the effect of stress 

on thermal conductivity is neglected, the prestress does not affect temperature 

response speed and peak magnitude. When the stress coupling effect is considered, 

the negative prestress increases the thermal conductivity of the film, reduces the peak 

magnitude of the temperature response, and accelerates heat spreading, as shown in 
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Fig. 4. It is clear that as the compressive stress decreases, the influence of 

stress-dependent thermal conductivity on the temperature response turns weaker. The 

difference (with and without stress coupling effect) becomes negligible when the 

prestress is -1 GPa.  

Figure 5 shows the distributions of temperature difference with and without stress 

effect on thermal conductivity under different prestresses. It is noted that the 

temperature difference induced by the stress coupling effect can be 8.2 K for the 

prestress of -10 GPa and only 1 K for the prestress of -1 GPa. It is not difficult to find 

that when the compressive stress is greater than 5 GPa, the thermal conductivity is 

significantly affected by the stress, and the coupling effect has a nontrivial 

contribution to heat spreading. When the compressive stress is smaller than 1 GPa, the 

effect of stress on thermal conductivity turns weaker, and the influence of 

stress-dependent thermal conductivity on the heat transfer behavior is negligible.    

4. Conclusion  

In this work, the influence of stress-dependent thermal conductivity on the heat 

transfer behavior of GaN-based nanofilm under a pulsed heat source is studied 

numerically. The finite element method is used to solve the temperature and stress 

distributions of a prestressed nanofilm. The stress coupling effect on the heat transfer 

behavior of the film is analyzed. The numerical results have shown that the peak 

temperature of the film considering the stress coupling effect is significantly higher 

than that of the case ignoring the stress coupling effect, and the maximum temperature 

difference can reach 8.2 K. The increase in pulse number not only increases the peak 
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magnitude of temperature at the loaded point but also increases the stabilized 

temperature value after attenuation. The increase of pulse number also increases the 

in-plane thermal stress, and thus further influences the thermal conductivity of the 

film. Moreover, the stress coupling effect on the heat transfer behavior becomes 

negligible when the prestress is less than 1 GPa. These results could provide 

theoretical support for the optimal design of reliable GaN-based electronic devices. It 

should be emphasized that the numerical simulation for a heat transfer behavior is 

easy in comparison with experimental measurements of temperature variation in a 

stressed thin film. However, the latter must be conducted to validate the numerical 

model proposed in this work, which should be performed in future work.  
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Table 1. Geometric and physical parameters of GaN-based films 

Length Width Thickness 

Convection 

coefficient 

Specific heat  

density 

a  (m) b  (m) h  (m) 
2 (W/ m K)  3 (J/m K)c  

0.005 0.005  
96 10  50 

AlN 51.02 10  

GaN 52.23 10  
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Fig. 1. Schematic diagram of prestressed nanofilm (a), and the simulated phonon 

thermal conductivity varying with the prestress for GaN-based nanofilm (b). 
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Fig. 2. The heat flow varying with time for the multiple pulse heat source (a), and the 

temperature responses of nanofilm at all loading points under different pulse 

intensities with (dotted line) and without (solid line) stress coupling effect of thermal 

conductivity (b) (The letters A and B in the figure, respectively, mark the 

corresponding peak temperature moments of t=0.1788 s and t=0.1789 s). 
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Fig. 3. Temperature distributions under multiple heat pulses with stress-dependent 

thermal conductivity (a), and distributions of thermal stress under multi-pulsed heat 

source considering stress coupling effect at t=0.1788 s (b). 
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Fig. 4. Temperature response curves of heat loading points with two cases of 

considering and neglecting the stress coupling effect under different prestresses (the 

letters A, B and C in the figure, respectively, mark the corresponding peak 

temperature moments for 0.1788 sAt  , 0.1789 sBt   and 0.1789 sCt  ). 
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Fig. 5. The distributions of temperature difference under different prestresses through 

comparing the cases of considering and neglecting the stress coupling effect of 

thermal conductivity. 
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