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ABSTRACT

This study takes the physical properties of high temperature devices as a starting point and the
experimental apparatus used to obtain the study samples. The heat transfer process can be
categorized into heat conduction, heat convection and heat radiation depending on the mode of
contact. Under the theoretical support of the first law of thermodynamics, the nonlinear partial
differential equations of the heat transfer characteristics of the high temperature devices are
determined, and the above equations are analyzed by numerical simulation with the help of ANSYS
software. When the thickness of the device is 1Tum, 8um and 15um, the heat transfer temperature and
the power of the heat source show a monotonically increasing trend, in addition, when the thickness
of the device is a fixed value, the spacing of the heat source and the heat transfer temperature show a
nonlinear monotonically decreasing, and the present study has an important practical significance for
improving the heat transfer performance of high temperature devices.

Keywords: nonlinear partial differentiation, ANSYS software, high temperature devices, heat transfer,
numerical simulation

1. Introduction

Heat transfer problems are important in many practical applications, such as materials science,
engineering thermodynamics, and geology. Among these problems, the heat conduction equation is a
key mathematical model that describes the temperature distribution and heat transfer process in a
substance. The study of modeling heat transfer problems based on partial differential equations aims
to investigate the heat transfer process through mathematical methods and computational simulations
in order to solve practical problems and optimize designs [1-4].

& Corresponding author.

E-mail address: Meihaozhilu_2025@163.com (Y. Zhang).
Received 25 October 2024; Revised 10 December 2024; Accepted 05 March 2025; Published Online 16 April 2025.
DOI: 10.61091/jcmcc127b-209
© 2025 The Author(s). Published by Combinatorial Press. This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/).



3754 ZHANG AND SHI

With the increasing integration of electronic devices and their increasing power density, they face
more and more serious thermal failure problems. High temperatures can cause electronic devices to
suffer from solder joint fatigue, solder joint detachment, dielectric film fracture, chip fracture and
other problems, leading to the performance degradation or even failure of electronic devices, and a
significant reduction in their lifespan [5-8]. High temperature is an important factor restricting the
development of electronic devices, so the thermal management of electronic devices has become
increasingly important. The heat dissipation technology of electronic devices under room temperature
conditions is relatively mature, and its basic principle is to transfer the self-generated heat of
electronic devices to the environment through heat conduction, convection or radiation heat transfer
[9-12]. On the contrary, for extreme occasions with high ambient temperatures, such as oil logging,
aerospace, and military fields, where the external ambient temperature is higher than the temperature
of the electronic device, the self-generated heat of the electronic device can not be distributed to the
environment, and the high-temperature environment accelerates the temperature rise of the
electronic device instead [13-16]. Therefore, numerical simulation of device heat transfer
characteristics using nonlinear partial differential equations plays an important role in exploiting the
performance of electronic devices.

The article takes the physical characteristics and structure of high-temperature devices as the
starting point, builds the experimental environment, collects and makes the high-temperature device
samples. Based on the different modes of action of the high-temperature device, the heat transfer
process of the high-temperature device can be divided into three modes: heat conduction, heat
convection and heat radiation. Under the constraints of the principle of energy conservation, the
nonlinear partial differential equations of the heat transfer characteristics of the high-temperature
device are obtained by using mathematical methods such as mathematical derivation and
differentiation. In order to better visualize the heat transfer characteristics of the sample, the
corresponding numerical simulation scheme is formulated, and the heat transfer characteristics of the
high-temperature device are simulated and analyzed by numerical simulation using ANSYS software,
which is of guiding value for improving the thermodynamic performance of the high-temperature
device.

2. Nonlinear partial differential equations and numerical simulation software

2.1. Nonlinear partial differential equations

Nonlinear dynamics belongs to the category of nonlinear science, and many processes of nonlinear
dynamics can be formulated using nonlinear partial differential equations (sets), therefore, the
problem of solving the nonlinear partial differential equations has been the focus of research in various
fields [17-18]. The earliest nonlinear partial differential equations were established by DJKorteweg
and GDeVries of the University of Amsterdam, the Netherlands, in their study of the equations of
motion of shallow water waves;

Zou=+E=0 (1)

This equation is the famous KdV equation. Since this equation was proposed, many other nonlinear
partial differential equations, such as the Burgers equation, the KdV-Burgers equation, the N-S
equation, and so on, have been proposed based on a variety of physical and engineering practical
problems.

Once the nonlinear partial differential equations describing various nonlinear dynamics are
proposed, the research on the exact or approximate solution of nonlinear partial differential equations
in computer science, mathematics, physics and other disciplines has never stopped [19]. After decades
of development, many methods for solving nonlinear partial differential equations have been
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proposed, such as: backscattering method, bilinear transformation method, separated variable
method, etc. In computational fluid dynamics, the method of solving nonlinear partial differential
equations is often used to solve nonlinear partial differential equations. In computational fluid
dynamics, nonlinear partial differential equation solution studies are often carried out by using
discretization methods (finite element method, finite difference method, finite volume method, etc.).
In recent years, thanks to the rapid development of machine learning technology, especially the neural
network technology in deep learning, the use of neural networks powerful nonlinear modeling ability
to study the approximate solution of nonlinear partial differential equations is also favored by
researchers.

The purely data-driven approximate solution method draws entirely on the nonlinear modeling
capabilities of neural networks, which do not provide the neural network model with any physical a
priori knowledge, but rather allow the model to uncover and learn the relevant information from the
training samples completely independently, which allows the network model to be a good substitute
for nonlinear partial differential equations to give predictive solutions for the quantities of interest. As
far as the method itself is concerned, it is not different from the general training method of neural
networks. So by the basic theory of neural network modeling, for the regression problem, the method
selects the mean squared loss function for the multidimensional dataset:

1 & 2
loss _ﬁ;”yi _f(xi)||2 (2)

In this paper, the method is improved by having a mapping relationship between the inputs as well
as the outputs of the model that can be described by a nonlinear partial differential equation, for the
fluid problem.

Finally, the update of the network model parameters, weights matrix # and bias vectors b is
performed using the error back propagation algorithm:

(W,b) =arg mWigl(loss) 3)

Aiming at the existing problems such as the lack of physical interpretability in the pure data-driven
approximate solution method, and the coupled a priori knowledge of the neural network model a
priori knowledge is too single and simple, on the basis of the pure data-driven method, due to the
existence of mapping relationship between the model inputs as well as the outputs, a neural network
model of the coupled nonlinear partial differential equations is proposed, and the unnecessary
assumptions in the coupling process are removed, so as to simplify the coupling process. simplification.
Consider nonlinear partial differential equations:

Q(x(xlaxza"'9x”717xn)9y(y17y29"'7ynilayn));(01702>'"70,17170,1)) =0 (4)

where x(x',x*,---,x"",x"),y(»",»*,---,»"",»") denotes physical quantities associated with nonlinear
partial differential equations, such as coordinates, time, velocity, pressure, etc. in computational fluid
dynamics, which are separated because one part of the physical quantities x(x',x*,...,x"",x") isused
as an input to the neural network model and the other part of the quantities y(y',y%,...,»"",»") is
used as an output of the model. Then:

(61’627""39—1739) (5)
represents the coefficients in the nonlinear partial differential equation.

Since in the purely data-driven approach we have f(x;) as the predicted output of the neural

network model, the nonlinear partial differential equation can be re-represented using the input
physical quantities of the model and f(x,), thus defining the auxiliary function #:
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h :Q(x(xlaxza"'axn_laxn)af(x));(glﬁng”’6/1—1’9;1)) (6)

Our solution goal is to use the neural network model to find x(x',x*,---,x"", x"), y(3', ¥*,---,»" ", »")
so that Eq. (6) holds, and Eq. (7) happens to be the bridge between the neural network model and the
nonlinear partial differential equation, then the approximate solution of the nonlinear partial
differential equation can be found by constantly converging / to zero through the output value
f(x,) of the neural network:

h :Q(x(xlaxza'"axn_laxn)af(x));(glﬂng”99/1—190;1)) —0 (7)

The question now is how to represent Eq. (7) with in the neural network model. Considering the
early use of neural networks in conjunction with traditional methods, it is possible to couple the
nonlinear partial differential equations in the loss function of the neural network model. Specifically,
a loss term with respect to 4° minimization is added to the purely data-driven neural network
approach mean-variance loss function:

loss,,,, =loss +loss, ——Z”y - fx )|| + th (8)

For many nonlinear problems, the process often does not have a single nonlinear partial differential
equation. Thus for a process containing a system of equations with M nonlinear partial differential
equation, Eq. (9) is expressed as using Eq. (8) below:

il 1 & 2 L&
loss,,,, =loss+Y loss. =——>"|y, —f(x,.)”2 ZZ( B 9
=1 2N i=1 j =1 i=1

Similarly, the update of the network model parameters, weight matrix #» and bias vector b, is
performed using the error back propagation algorithm:

(W ,b)=arg mW%}P(ZOSSmml) (10)

2.2.  Numerical simulation software

In analogy with related numerical simulation software, the main features of ANSYS software are:

1) It is easy to use because ANSYS is a Windows program.

2) It can be applied in various projects because the software framework of ANSYS is synthesized by
various complete modules.

3) Not only can the structure be solved linearly, but also many kinds of nonlinear examples can be
analyzed.

4) Not only can the direction of molecular heat transfer in high temperature devices be studied
independently, but also the interaction between them can be studied.

ANSYS software can analyze most of the heat transfer and related projects in scientific research.
Through the use of ANSYS process can be summarized finite element analysis into three steps: first,
first pre-processing, mainly contains the definition of the type, set the properties, draw the model, sub-
network and other work [20-21]. The second is the solution, which mainly contains the work of adding
constraints, increasing loads, observing the wrong solution, and finding out the results, etc. The third
is the post-processing. The third is post-processing, which mainly contains work such as listing results,
drawing graphs, displaying animations, drawing conclusions, etc.
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3. Characterization of heat transfer in high-temperature devices
3.1. High temperature device structure and preparation

3.1.1. Device Structure. High-temperature devices are, in descending order, the substrate, the AIN
nucleation layer, the gallium nitride buffer layer, the AlGaN barrier layer, the passivation layer, and the
electrodes. The substrate for high temperature devices is usually sapphire or silicon carbide. Sapphire
and gallium nitride have the same crystal structure, so in the sapphire epitaxial growth of gallium
nitride crystal quality is higher, and sapphire cost is low, easy to industrialize the large-scale
production, but the thermal conductivity is low, not conducive to the device through the substrate heat
dissipation, in the field of high-power applications will produce a serious self-heating effect. Silicon
carbide thermal conductivity than sapphire is high, conducive to device heat dissipation, but also has
good electrical properties, convenient for device packaging substrate grounding, however, silicon
carbide and gallium nitride there is a large lattice mismatch, which will affect the crystal quality of the
buffer layer, and the production is difficult, high manufacturing costs.

AIN nucleation layer thickness is generally 2 ~ 3nm, the role of the release of thermal stress between
the two material layers, gallium nitride crystal lateral growth, in order to reduce the lattice mismatch,
to improve the growth quality of GaN crystal. At the same time, AIN also exists to separate the role of
the substrate and gallium nitride, to prevent different materials from diffusing each other.

The GaN buffer layer will inevitably introduce N-type background carriers during epitaxial growth,
so the buffer layer is N-type GaN. However, when the buffer layer is subjected to high voltage, the
introduced background carriers will seriously affect the breakdown voltage of the device, so the
preparation process is generally Fe-doped or C-doped for the buffer layer to deplete the background
carriers. The structural parameters of the barrier layer material determine the 2DEG performance,
and thus the Al component and thickness can neither be high nor low, and in general the Al component
is 25%~35% and the thickness is 18nm~35nm.

The gate of the device forms a Schottky contact with the semiconductor, and by applying different
gate voltages, the density of the channel 2DEG underneath it is controlled, which in turn enables the
switching of the conducting channel, as well as the control of the current density during conduction.
The source and drain contacts with the heterojunction semiconductor form ohmic contacts. When the
conductive channel is on, a voltage is applied to the source and drain to generate a transverse electric
field in the channel, and the 2DEG drifts in response to the electric field, resulting in the formation of
a current path.

3.1.2. High temperature device preparation. The high-temperature devices used in this experiment
were obtained from the State Key Laboratory of Wide Bandgap Semiconductor, and the high-
temperature device preparation process was as follows:

1) On a sapphire substrate with a crystal orientation of (0001), a 40 nm AIN nucleation layer was
grown by metal organic chemical vapor deposition (MOCVD).

2) Growth of 1.5um GaN buffer layer on top of AIN nucleation layer by MOCVD.

3) Epitaxial growth of 20 nm AlGaN layer with 30% aluminum fraction on GaN buffer layer by
MOCVD.

4) Deposition of SiN on the AlGaN barrier layer to form a passivation layer using plasma enhanced
chemical vapor deposition (PECVD).

5) Firstly, the source and drain regions are defined by semiconductor lithography, secondly, SiN and
AlGaN in the electrode region are etched away by ICP process, and finally, four layers of Ti, Al, Ni and
Au with thicknesses of 40 nm, 140 nm, 60 nm and 50 nm, respectively, are deposited by electron-beam
evaporation and annealed to form the ohmic contact under nitrogen environment at 900 C.

6) The gate electrode region was defined by semiconductor lithography, the passivation layer
corresponding to the gate region was etched away by ICP process, and then Ni and Au metal layers



3758 ZHANG AND SHI

with thicknesses of 53 nm and 520 nm, respectively, were deposited by electron beam evaporation.
The GaN buffer layer was Fe doped with a concentration of 2.3x101°cm-3 in order to deplete the N-type
background carriers introduced during epitaxial growth. The gate length Lc of the device is 1um, the
gate width WG is 150um, and the distance between source and drain LSD is 8um.

3.2. Heat transfer in high temperature devices

Heat transfer is a method of transferring energy between two different objects, mainly due to the
difference in temperature. Heat transfer between objects can be categorized into heat conduction, heat
convection and heat radiation.

3.2.1. Heattransfer. Heat conduction occurs when two objects have different temperatures, or when
there is a temperature difference between different parts of the same object, and the heat energy is all
transferred from the side with the higher temperature to the side with the lower temperature. It is the
heat conduction method that is mainly used in the simulations in this chapter. The primary method of
heat transfer and transportation within a device is also thermal conduction, which occurs when
different parts of the device have temperature changes due to different thermal conductivities, and
this heat can be quantified by Fourier's law:

0=AA(T,-T)/ &5 (11)

where 7, and 7, are the temperatures of the high and low temperature surfaces in heat transfer,

respectively, 6 is the distance between the two surfaces, A is the area of the isothermal surface
perpendicular to the direction of heat transfer, and A represents the thermal conductivity of the
material.

3.2.2.  Thermal convection. Thermal convection occurs mainly in the fluid medium, mainly refers to
the exchange of heat between the object and the surrounding fluid medium (such as air, etc.). Mainly
includes natural convection heat transfer, forced convection heat transfer and turbulence in three basic
forms.

The process of thermal convection conforms to Newton's law of cold removal, and its heat
expression is as follows:

O=hA(T, - T,) (12)

3.2.3. Thermal radiation. The radiant energy of an object can be expressed by the Stefan-Boltzmann
law as:

Q=0 AF,(T'-T}) (13)

it
where o isthe Stephen Boltzmann constant, ¢ isthe objectradiation coefficient, 4, isthe surface
area, Fl./. is the shape factor from surface i to j, 7, isthe absolute temperature of surface i, and

T; denotes the absolute temperature of surface J.

3.3.  Nonlinear partial differential equations for heat transfer

According to the principle of conservation of energy, complete heat transfer includes the processes of
heat conduction, heat convection and heat radiation. The heat transfer process is the sum of these
three modes of heat transfer, which can be expressed in equation (14) as:

(T) = —kVT + h(Tml - Tmz) + 8emUA1F;2 (7—:111 - T;?zrjjace) (14)

Considering the thermal transient process, the thermal conduction process can be expressed in Eq.
(15) as:
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= oT
When only the steady state heat transfer is considered, the simplification of Eq. (15) is integrated
on both sides to obtain the temperature change in the cross section of the device at power

consumption P, can be expressed in Eq. (16) as;

iss

T,-T, _AT

P. = =
diss Ay / kA Rth (16)

where Ay is the distance in the direction of heat conduction, A is the cross-sectional area, and R,
is defined as the thermal resistance of the material that impedes the flow of heat, which is proportional
to the thickness of the material, inversely proportional to the thermal conductivity of the material, and
inversely proportional to the cross-sectional area 4. Equation (16) can be used to calculate the
temperature 7, of the channel of a high-temperature device at a specific power consumption and

initial reference temperature 7 , which can be expressed in Equation (17) as:

T,

ch = I)dissti + TO (17)

When transient heat transfer is considered, the dynamics of the channel temperature of a high
temperature device can be simplified by Eq. (16) to the following form:

AT, d
L +C, — (AT
1{[ th dt( ch) (18)

h

})dixs (t) =

From equation (18), it can be seen that R, and C, are two important parameters describing the

temperature characteristics of the device channel.
By replacing the instantaneous power consumption p, (#) and temperature difference AT, ,

with current source /,(¢f) and voltage V,(¢), respectively, equation (19) can be expressed as:

AV, d
1,()=—"+C, E(AVM) (19)

h

The Fourier transform of equation (20) is done and solved to obtain:

AVth (a)) = H(a))RthIAh (a)) (2 0)
Among them:
1
H@w)=———
@ 1+ joR,C, (21)

3.4.  Numerical simulation program

The numerical simulation method obtains the electro-thermal characteristics of the device by
establishing an accurate device model structure and solving the partial differential equations using
numerical computation methods, such as finite element and finite time domain difference methods.
Numerical simulation method can easily obtain the temperature characteristics inside the device, i.e.,
in the channel, and overcomes the disadvantages of the analytical method which is difficult to solve
and the measurement method which is complicated to test, therefore, in this paper, we adopt the finite
element (FEM) method of the commercial numerical simulation software (ANSYS) to analyze the heat
transfer characteristics of high-temperature devices. Firstly, it is necessary to establish the model
structure of the target, followed by the life of the physical parameters used in the simulation. The
structural model is then built into a grid structure, which is divided into a finite number of non-
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repeating cells, each of which will include a certain number of nodes. The physical functions are then
solved for each cell node. Then set the initial conditions and boundary conditions, according to the law
of conservation of energy to solve the partial differential equation of heat transfer at each node,
calculate the temperature value of each node, and realize the extraction of the temperature of each
place inside the object. The specific process is as follows:

3.4.1. Determination of unit type. There are nearly 200 types of units in ANSYS to choose from, which
can meet different types of analysis needs. In this simulation, we choose the 8-node unit related to the
analysis of heat transfer characteristics.

3.4.2. Establishment of model dimensions. The simulation model in this case includes a sapphire
substrate, a GaN buffer layer, an AlGaN barrier layer, a metal electrode, and a heat source. The
generated voxels need to be bonded to form the final model, and the model nodes are reduced for
computational simplicity.

3.4.3. Defining Material Layer Properties. Thermal conductivity is very critical in the device junction
temperature simulation, so the thermal conductivity of each material layer needs to be selected
correctly, after referring to many literatures, the final thermal conductivity used in the simulation is
shown in Table 1.

Table 1. The thermal conductivity of each material layer in the device model

Materials Spphire GaN AlGaN Heat Source Meatal
300k h 300k h
Thermal conductivity(W-m-1-k-1) 40 (Tj 130(%} 11(7) 130(@} 280

3.4.4. Griddivision. The mesh division methods commonly used in ANSYS software generally include
mapping division, extension division, liberalization division and adaptive division. Among them, the
mapping division can make the model divided into regular shapes, and the calculation accuracy and
high speed, which can help the accurate division of the mesh. It is worth noting that mapping requires
the mesh to be hexahedral, and irregular models need to be cut in advance.

3.4.5. Applying loads. Firstly, the type of steady state analysis is determined and the boundary
conditions are set for the model, in this simulation the bottom surface temperature load is uniformly
set to the ambient temperature of 22°C, and the two sides of the device are set to adiabatic conditions.
Secondly, the heat flow density is applied to the heat source. When the DC power dissipation of the
device is 16W/mm, the corresponding applied heat flow density should be 8x10°W/cm2, and the
effects of thermal convection and thermal radiation are not considered in this simulation.

3.4.6. Solution Simulation. Through ANSYSY simulation software can be solved in the finite element
established in the high temperature device heat transfer characteristics of nonlinear partial
differential equations, so as to get the value of the node degrees of freedom, through the numerical
simulation of this step can be obtained by the high temperature device heat transfer characteristics of
the simulation of the temperature distribution map.
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4. Simulation and analysis of heat transfer characteristics of high-temperature
devices

4.1. Simulation and analysis of multi-scale heat transfer characteristics of high temperature devices

4.1.1. Device Thickness Impact Analysis. This part aims to explore how the thickness of the GaN layer
affects the temperature in the heat transfer of the high temperature device, and the trend of the
maximum temperature of the device is analyzed by numerical simulation when the thickness of the
GaN layer changes within the range of 1 um to 10um. The analysis of the influence of the thickness
of the device is shown in Fig. 1, in which (a) ~ (b) are the temperature change curve and the cloud
diagram of the temperature distribution, respectively. In the numerical simulation, the bottom
boundary condition is set to a constant temperature T=300K, and the rest of the parts are set to
adiabatic boundary conditions. It is observed that the maximum temperature of the device shows a
trend of decreasing and then increasing with the thickness of the GaN layer. In order to accurately
exhibit the maximum temperature at the optimal thickness of GaN layer, the effect of different GaN
layer thicknesses on the thermal performance of the device is visualized. With the increase of GaN
layer thickness, the maximum temperature of the device first decreases and then increases, especially
when the GaN layer thickness reaches 6.13 um, the lowest maximum temperature is observed.
Subsequently, the maximum temperature of the device increases slightly with further increase in the
thickness of the GaN layer. This observation is in high agreement with the findings based on the
semiclassical phonon transport theory. Therefore, when designing high-temperature devices,
analyzing the relationship between the GaN layer thickness and the maximum temperature through
numerical simulation can determine the optimal GaN layer thickness, thus effectively reducing the
maximum temperature of the device. This provides an efficient and accurate multi-scale thermal
analysis tool for the thermal transfer characterization of high-temperature devices, which is an
important reference value for the design and fabrication of high-performance related devices.
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Fig. 1. Influence analysis of device thickness

In addition, three different numerical simulation methods, FDM, LBM and finite element (FEM), are
compared in this study in terms of time efficiency and computational accuracy. The results of the
computational efficiency and accuracy analysis are shown in Fig. 2, where (a)~(b) are the
computational time comparison graph and absolute error comparison, respectively. From Fig. 2(a), it
can be clearly observed that the method in this paper significantly improves the computational
efficiency by about 33 times under the condition of ensuring equal accuracy with LBM. Further by
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comparing the computational results with the LBM, Fig. 2(b) demonstrates that the maximum error
of this paper's method is no more than 1%, while the maximum error of the conventional macroscopic
finite-difference method (FDM) is about 14.6%. This difference indicates that the traditional
macroscopic Fourier's law is no longer applicable when the heat source size effect is considered. The
method in this paper can effectively capture the size effect of the heat source region while significantly
improving the computational efficiency, providing an accurate and efficient numerical simulation tool
for complex heat transfer characterization problems.
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Fig. 2. Calculation efficiency and precision analysis results

4.1.2. Heat source power impact analysis. The effect of heat source power on the maximum
temperature of three-dimensional integrated circuits and their performance is investigated.In this part,
the temperature trend is explored when the heat source power is increased from 10W/mm to
50W/mm by using GaN layer thicknesses of 1um, 8um, and 15um, respectively. Considering that the
safe working temperature of electronic devices is generally considered, not exceeding 600 K, therefore,
this study depicts the curves of the maximum temperature of the device with the variation of the heat
source power as a means of evaluating the effect of thermal analysis at different powers, and the curves
of the temperature of the device with the variation of the heat source power are shown in Fig. 3. The
device power handling limit under different GaN layer thickness conditions can be calculated by
setting the safe operating temperature threshold. Under the assumption that the safe working
temperature is set to 1000 K, the maximum power handling limits of the device are 9.05 W/mm, 12.66
W/mm and 10.46 W/mm for GaN layer thicknesses of 1 um, 8 um and 15 um, respectively, and the
results further confirm the previous finding that the GaN layer thickness affects the heat transfer
characteristics of the device, and the maximum temperature varies with the GaN layer thickness. GaN
layer thickness shows a decreasing and then increasing trend.
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Fig. 3. Device temperature variation curve with heat source power

The temperature distribution of different GaN thicknesses is shown in Fig. 4, where (a) ~ (c) are 1
um, 8 um and 15 um, respectively. it can be seen that as the thickness of the GaN layer decreases, the
heat is concentrated near the heat source, which leads to an increase in the local temperature. Whereas,
the increase in the thickness of the GaN layer promotes the lateral diffusion of heat within the layer,
which helps to reduce the local temperature gradient and achieve a more uniform temperature
distribution, which is essential for improving the reliability and performance of the device.
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Fig. 4. Temperature distribution of different GaN thicknesses

The results of the computational efficiency and accuracy analysis are shown in Fig. 5, where (a) ~
(b) are the computational time comparison graph and absolute error comparison, respectively. Figure
(a) exhibits that under the condition of the same accuracy with the LBM method, the method of this
paper proposed in this study can significantly improve the computational efficiency, specifically, the
computational efficiency is improved by about 33 times. And from the comparison of Fig. (b), it can be
seen that this paper's method maintains a high computational accuracy with a maximum error of only
about 1.2% compared with the LBM method. Compared with the macroscopic FDM method, the error
of this paper's method is significantly smaller (the maximum error of FDM is about 9.3%), especially
in the case of the enhanced power of the heat source.
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Fig. 5. Calculation efficiency and precision analysis results

4.1.3. Heat source spacing impact analysis. The device temperature distribution curves at different
heat source spacings are shown in Fig. 6. The variation of the maximum temperature of the GaN device
when the heat source spacing is increased from 50um to 70um. As the heat source spacing increases,
the mutual thermal interference between the heat sources gradually decreases, resulting in a decrease
in the maximum temperature of the device. This phenomenon reflects the importance of heat source
spacing for device temperature control, especially when designing dense microelectronic devices,
where proper heat source spacing can effectively reduce the thermal risk of the device. For all GaN
layer thicknesses examined, the maximum temperature of the devices shows a clear decreasing trend
with increasing heat source spacing. Especially in the case of thinner GaN layer thickness (e.g., 1 um),
the effect of heat source spacing on the maximum temperature is more significant. This finding
emphasizes that in the design of high power density electronic devices, the reasonable setting of heat
source spacing is a key factor in optimizing the thermal performance of the device and improving the
stability of the device. Reasonable selection of heat source spacing not only reduces the thermal
interference between devices, but also significantly lowers the operating temperature of the device,
which is of great practical significance for improving the heat transfer performance of high-
temperature devices.
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Fig. 6. Device temperature distribution curve at different heat source spacing
4.2. Simulation and analysis of nonlinear partial differential equations for heat transfer

4.2.1. Analysis of nonlinear partial differential equation solutions for heat transfer. Fig. 7 shows a
three-dimensional image simulated by simulation software based on the numerical solution of the
nonlinear partial differential equation for heat transfer, reflecting the relationship between time,
temperature and thickness. Figure 8 reflects the comparison between the numerical solution of the
heat transfer nonlinear partial differential equation as well as the actual data, where line 1 represents
the actual data and line 2 represents the numerical solution of the heat transfer nonlinear partial
differential equation. From Fig. 8, we can see that the numerical solution of the heat transfer nonlinear
partial differential equation and the actual data are close to each other in the early stage, but with the
passage of time, the offset gradually increases, because there is no influence on the structural
parameters of the device material in terms of the porosity, pore radius, etc., heat and moisture transfer,
and the physical parameters such as the diffusion of water vapor, etc. in the heat transfer nonlinear
partial differential equation, and the temperature is constantly increasing with the passage of time In
the high-temperature state, the above factors have a greater impact on the temperature reduction,
therefore, as the temperature rises, the temperature calculated using the heat transfer nonlinear
partial differential equation will be lower than the actual temperature, the reason is that the
parameters of the device there is a small gap in the acceptable range of the results of the study, the
results are very good to reveal the change rule of the temperature in the process of high-temperature

device heat transfer.
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Fig. 7. Numerical solutions of nonlinear partial differential equations
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4.2.2. Simulation and analysis of three types of heat transfer. In this subsection, the finite element
results of the heat transfer of high temperature devices are simulated and analyzed, and it is known
from the above that the heat transfer methods include heat conduction, heat convection and heat
radiation, and the temperature changes in the heat transfer process of high temperature devices at
different moments can be obtained, and the results of the three kinds of heat transfer simulation and
analysis are shown in Fig. 9, in which (a)~(c) represent heat conduction, heat convection and heat
radiation, respectively. The three graphs respectively show the changes in device temperature with
time for different heat transfer methods, and it can be seen from the graphs that the temperature
changes in the experiment have a good correlation with the simulated temperature changes. Figure
9(a) shows the comparison curve between the simulated and experimental values of the heat transfer
of high-temperature devices, which shows that the temperature of the high-temperature device
increases with the prolongation of time, and finally stabilizes at 49.93°C. Figure 9 (b) shows the
comparison curve between the simulated and experimental values of heat convection of high
temperature devices, it can be observed that with the extension of time, the temperature of high
temperature devices increases and then decreases, and finally stabilized at 37.92 C. Fig. 9(c) shows
the comparison curve between the simulated and experimental values of thermal radiation of the high
temperature device, and it is observed that with the extension of time, the temperature of the high
temperature period firstly increases and then decreases, and the rate of temperature increase and
decrease is higher than that of the simulation process with simulation time of 10min and 20min.
Observation of the three graphs shows that the temperature reached an equilibrium value in about ten
minutes, and then with the extension of time, the temperature began to decline, this is due to the high
temperature device temperature with the increase in time, the temperature is gradually decreasing,
due to the temperature drop, resulting in a decrease in the temperature difference propulsion, the rate
of heat transfer decreases, and the temperature of the outer surface decreases with it. The relative
errors of the three simulations are 2.267%, 2.675% and 7.56% respectively. It can be seen that the
simulation and analysis method in this paper accurately reflects the temperature change in the heat
transfer process of the high temperature device.
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Fig. 9. Three kinds of heat transfer simulation analysis
5. Conclusion

In this paper, according to the structural characteristics of high-temperature devices, using the
appropriate instruments to obtain high-temperature device materials, integrated nonlinear partial
differential equations, numerical simulation software, together with numerical simulation simulation
analysis of the heat transfer characteristics of the research samples.

1) In the heat transfer process, when the thickness of the device is increasing, the temperature
shows a tendency to decrease and then increase, and the temperature of the high-temperature device
reaches a minimum when the layer thickness rises to 6.13  um .

2) Among the three modes of heat transfer, the time of action and the temperatures of heat
conduction, heat convection, and heat radiation all show a tendency to increase and then decrease,
with the temperature of heat radiation changing most significantly.
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