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Abstract

Near-junction thermal management of electronics has received a lot of attention in the
past decades but there are still many challenges in this area. This chapter provides a
comprehensive review of recent developments in this field. The reduction of scale of
devices will result in the crossover of heat transport from the diffusive regime to the
ballistic regime. Thus, boundary temperature jumps and boundary heat flux slips
emerge. A set of predictive models are developed and verified through comparisons
with Monte Carlo method, which will be discussed in detail in this chapter. The thermal
conductivity of nanostructures will also deviate from their bulk counterparts.
Conductivity is found to depend significantly on multiple factors, including character-
istic size and geometry, heating conditions, interfacial effects, stress, and electric fields.
Various cases are considering for thermal spreading resistance in electronic devices,
with particular emphasis on GaN HEMTs in a ballistic-diffusive regime from multiple per-
spectives. These cases contain the impacts of phonon ballistic effect, phonon dispersion,
bias-dependent heat generation, and first-principle-calculated phonon properties on
thermal spreading resistance. Finally, the self-heating effect caused by the scattering
between the hot carrier and the lattice is analyzed. Researchmethods for the self-heating
effect are introduced, including some theoreticalmodels andelectro-thermal simulations.
And the methods for controlling the self-heating effect to improve device performance,
reliability, and lifespan are given as well. The present chapter mainly presents some of the
most recent progresses for near-junction thermal management of electronics.

1. Background

Wide bandgap (WBG) semiconductors have garnered considerable

attention in the development of high-power and high-frequency devices,

owing to their exceptional material properties resulting from a large bandgap

[1–4]. AmongWBG devices, gallium nitride (GaN) high-electron-mobility-

transistors (HEMTs) are considered highly promising, capable of sustaining

high voltage and current densities due to GaN’s wide bandgap and the

two-dimensional electron gas formed at the AlGaN-GaN heterojunction

[5]. GaN HEMTs have emerged as strong contenders for high-frequency

power switching applications and for high-efficiency power amplifiers

(PAs) employed in 5G base stations [6].

However, the continuous enhancement in power density and miniatur-

ization of devices has intensified heat dissipation challenges, impeding the

realization of their theoretically superior electrical performance [7]. Most

commercial GaN HEMTs are limited to 2–4W/mm output power, in

stark contrast to the demonstrated 40W/mm power output for power ampli-

fiers [8]. Furthermore, inadequate heat dissipation can lead to substantial over-

heating, raising the junction temperature and compromising the device’s
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electrical performance, as well as diminishing its operational lifespan [9].

Impacted by a reduction in electron mobility, self-heating induced drain cur-

rent degradation can amount to nearly 47% [10]. Additionally, research has

indicated that a 1°C temperature increase can result in a 5% decline in device

reliability [11], with overheating contributing to over 50% of electronic

device failures [12]. As a result, devising effective thermal management strat-

egies to facilitate heat removal from the device and lower the junction tem-

perature is of paramount importance inmaintaining optimal performance and

reliability [13].

Over the past decades, various external thermal management strategies,

including air cooling, heat pipes, microchannel cooling, and jet impinge-

ment cooling, have been developed [12,14–17]. These techniques can be

viewed as heat sinks installed externally to the package of devices that have

already been designed and manufactured. Significant strides have been

made in the development of these technologies, e.g., the heat transfer coef-

ficient (HTC) of single-phase cooling methods can range from 1�103 to

4�104W/m2 K, and that of double-phase cooling methods can reach

approximately 1�105W/m2 K [18]. As external thermal management

technology has matured, the primary challenge in electronic device heat

removal has shifted toward addressing internal thermal resistance, specifi-

cally heat conduction from the transistor junction into the substrate [19],

as shown in Fig. 1. In this context, enhancing the HTC of external cooling

strategies will no longer effectively improve heat removal capabilities.

Instead, reducing internal thermal resistance through near-junction thermal

management and die-level electro-thermal co-design for power and infor-

mation electronics has become a crucial aspect of thermal management in

advancing technology [21–23].
To successfully implement near-junction thermal management in

device designs, understanding the heat transport mechanism within the

device and accurately predicting near-junction thermal resistance under

various design parameters and operating conditions is essential [20,24].

For instance, Fig. 1B–D shows the schematic of the GaN HEMT, which

is a multilayer film structure that comprises a substrate layer, GaN buffer

layer, and AlGaN barrier layer [20]. Additional thin layers of GaN or

AlN may be inserted at the AlGaN/GaN interface for electrical purposes,

while transition layers, such as AlN, may be grown on substrates to reduce

lattice mismatch. The characteristic size of these layers is comparable to the

mean free paths (MFP) of phonons, which are the primary heat carriers in

semiconductors [25]. Consequently, heat conduction is no longer purely
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diffusive, giving rise to ballistic-diffusive heat conduction [26]. In this regime,

temperature and heat flux distributions deviate significantly from Fourier’s

law predictions, with temperature jumps and heat flux slips occurring at

boundaries [27]. The boundary and interface scattering of phonons can sub-

stantially reduce the thermal conductivity of nanostructures, making the size

effect crucial in device designs for improved thermal performance [28,29].

Additionally, the heat generation and phonon thermal transport pro-

cesses in electronic devices exhibit unique properties, in addition to the clas-

sical size effects in general nanostructures that are extensively studied [30].

Fig. 1 Schematic illustration of the GaN HEMT device and its near-junction region [20]:
(A) The overall architecture of the HEMT; (B) near-junction region of the HEMT (a single
finger); (C) in-depth representation of the AlGaN/GaN heterojunction; and (D) GaN/
substrate interfacial structure. The blue dashed line signifies the two-dimensional
electron gas (2DEG), the red ellipse demarcates the heat source, and the red arrows
exemplify the heat flux trajectory.
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In GaN HEMTs, heat is primarily generated through electron-phonon

interactions in the two-dimensional electron gas (2DEG) region, which spans

a width of several hundred nanometers to a few micrometers, depending on

the bias voltage and source-to-drain region length [31–33]. The heat source
area is considerably smaller than the total device length and thickness, resulting

in a significant thermal spreading resistance that dominates the heat transport

process in the HEMT [34–36]. Furthermore, since the heat source size is

comparable to theMFP of phonons, a non-Fourier thermal spreading process

occurs [30]. The interplay between heat generation and conduction, phonon

ballistic-diffusive transport, and thermal spreading can substantially impact the

near-junction heat transfer process [37–39]. Accurate prediction of device

thermal resistance under various conditions necessitates a comprehensive

examination of these processes.

This chapter reviews the relevant thermal properties and thermal trans-

port physics in the near-junction thermal management of electronic devices.

Section 2 investigates boundary temperature jumps and boundary heat flow

slips in ballistic-diffusive heat conduction in nanostructures, employing pho-

non Monte Carlo (MC) simulation and the phonon Boltzmann transport

equation (BTE). The influence of interface phonon property mismatch is

explored, and associated prediction models are derived. Section 3 presents

theoretical studies on the effective thermal conductivity of typical nano-

structures, examining the effects of multiple constraints, heating methods,

and boundary roughness on effective thermal conductivity and deriving

corresponding prediction models. Section 4 investigates the thermal spread-

ing resistance in the ballistic-diffusive regime for GaN HEMTs, discussing

the influence of phonon ballistic effects, phonon dispersion, bias-dependent

heat generation, and full-band phonon properties predicted by first princi-

ples. Section 5 discusses the self-heating effect of electronic devices, i.e.,

the temperature-induced electrical performance degradation. This chapter

aims to provide a review of the near-junction thermal management of elec-

tronics, with a particular focus on elucidating the underlying phonon thermal

transport mechanisms and their implications on device thermal performance.

2. Ballistic heat conduction in nanostructures

2.1 Diffusive vs. ballistic
Thermal transport in dielectric and semiconductor materials is dominated by

phonons, which are converted from the lattice vibrations through secondary

quantization [40].
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Generally, Fourier’s law is employed to characterize the heat conduction

at macroscale, which is given by,

q ¼ �κ0rT , (1)

where q is heat flux,T is temperature, and κ0 is intrinsic thermal conductivity

that is a physical property independent on the size or geometry of structures

[41]. It should be noted that the underlying mechanism of Fourier’s law is

the diffusive transport of heat carriers, where the phonons from heat source

will undergo tremendous scattering events during the traveling process, as

shown in Fig. 2A. However, this could become invalid as themean free paths

(MFPs) of phonons are comparable to the characteristic lengths of the system,

like in the nanostructures. In this case, as shown in Fig. 2B, the phonons will

travel directly from one boundary to another without undergoing internal

scatterings, which is known as ballistic transport [28,42,43].

Ballistic effect can lead to three major non-Fourier heat conduction

phenomena:

(a) Boundary temperature jump (BTJ): due to the ballistic effect, the

assumption of local thermal equilibrium no longer applies, and the pho-

nons and heat sink cannot reach temperature equilibrium, leading to

temperature jump at the boundary [28,44,45].

(b) Boundary heat flux slip (BHFS): the boundary/interface density

will greatly increase in nanostructures, which makes the phonon-

boundary scattering much more significant, and the phonon scattering

at boundaries can alter the traveling directions of phonons and thus

reduce the heat flux near the boundaries or interfaces [27,46].

(c) Size effect of effective thermal conductivity: for a nanostructure,

its effective thermal conductivity can also be calculated in terms of

Fourier’s law; however, due to the violation of diffusive transport,

Fig. 2 (A) Diffusive transport and (B) ballistic transport.
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the effective thermal conductivity will have strong size effect, that is, it

becomes on dependent on the size, geometry, and even heating con-

ditions of the nanostructures [29,47], which is much different with the

bulk case.

The ballistic heat conduction in nanostructures can be descried though the

Boltzmann transport equation (BTE) [25]. It is based on particle dynamics

and neglect the wave effect of heat carriers, and capable of simulating the

systems from nanometers to hundred microns, and thus serves as a feasible

solution to characterize the non-Fourier thermal transport in practical elec-

tronics [30,38,48–50]. BTEdescribes the evolution of heat carrier distribution

f(x, ω, t), which refers to the fraction of heat carriers of position x and angular
frequency ω at time t. The general form of phonon BTE is given by [25],

∂f

∂t
+ v � rf ¼ ∂f

∂t

� �
s

+ _sf (2)

where v denotes the group velocity of phonons,
∂f

∂t

� �
s
is the scattering term,

and _sf is the source term. In general, the scattering term can be simplified

using the relaxation time approximation [41],

∂f

∂t

� �
s

¼ f0 � f

τ
, (3)

inwhich f0 is the equilibriumdistribution, τ is the relaxation time.Moreover,

the Knudsen number (Kn), defined as the ratio between the MFP and the

characteristic length, is usually used to label the intensity of ballistic effect.

Higher Kn value indicates the stronger ballistic effect in the system.

Particularly in this section, we will focus on the Boundary temperature

jump and Boundary heat flux slip of ballistic heat conduction based on the

BTE; the detailed discussions on the effective thermal conductivity will be

given in Section 3.

2.2 Boundary temperature jump (BTJ)
Fig. 3 illustrates the schematic for three different temperature distributions of

1D cross-plane heat conduction in varied regimes. In the case of purely-

diffusive regime (Kn ¼ 0, and the Kn number here is the ratio between

MFP and x-directional thickness), where Fourier’s law is valid, the structure

holds the same temperature as the contacted heat sink at the boundary. By

contrast, in the limiting case of fully-ballistic transport (Kn !∞), no tem-

perature gradient can be established inside the nanostructure due to the lack
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of internal scattering events, and temperature jumps will occur at the bound-

aries, which is called Casimir limit [51]. In practice, the heat conduction in

nanostructures is frequently between these two limiting cases, 0�Kn<∞,

where both internal temperature gradient and BTJ exist. Early in 1960s,

Rieder et al. [52] derived the temperature distribution in Casimir limit

for a 1D harmonic atomic chain. Alvarez and Jou [53] introduced a bound-

ary thermal resistance (BTR) to describe the BTJ. Maassen and Lundstrom

[42] obtained a BTJ model using the McKelvey-Shockley flowmethod, and

provided a preliminary analysis of the effect of phonon dispersions. In addi-

tion of Kn number that reflects the both the scale of nanostructures and the

phonon transport properties, the boundary conditions can have significant

influence on the BTJ [27]. In the view of phonon transport, we generally

have two types of boundary conditions [27]: (a) phononic black-body

boundary, which is an ideal case and analogue to the photonic black-body

boundary, where all the phonons reaching the boundary in contact with the

heat sink will be absorbed; (b) reflective boundary condition considering

interfacial effect resulted from the phonon property mismatch at boundary,

where some portion of phonons will be reflected at the boundary, and the

corresponding reflectance can be determined by the interfacial effect. Hua

and Cao [27] discussed the BTJs in these two boundary conditions on the

basis of phonon BTE.

The features of BTJs at these two boundary conditions will be discussed

in the following subsections based on the phonon BTE.

2.2.1 Black-body boundary
In the case of 1D cross-plane ballistic heat conduction with black-body

boundaries, the corresponding governing equation and boundary conditions

are given by,

A B

Fourier

Casimir

Lx

Th Tc

Tc

∆Th

∆Tc

Th

T (x)

Ox

Fig. 3 (A) Cross-plane heat conduction in nanofilm and (B) schematic of boundary
temperature jump.
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μv
∂f

∂x
¼ f0 � f

τ
, (4)

f + μ � 0, x ¼ 0ð Þ ¼ f0 Thð Þ,
f � μ � 0, x ¼ Lxð Þ ¼ f0 Tcð Þ, (5)

in which μ ¼ cos(θ) with θ the angle between the phonon traveling direc-

tion and the x-axis, Lx is the x-directional length of structure, Th is the tem-

perature of hot heat sink, and Tc is the temperature of cold heat sink. Based

on the heat flux continuity condition at the boundaries and the diffusion

approximation for solving the BTE, Eq. (4), the expressions of BTJs can

be derived [27],

Th � T j0 ¼ � 2lMFP

3

∂T

∂x

���
0
¼ 2

CVv
qxj0,

T jLx
� Tc ¼ � 2lMFP

3

∂T

∂x

���
Lx

¼ 2

CVv
qxjLx

, (6)

where lMFP ¼ vτ is the MFP, Cv is the heat capacity, and qx is the

x-directional heat flux. Referring to Eq. (6), the BTJs increase with the

increasing heat flux across the boundaries. Although the derivation process

above is for 1D system, based on the methodology, the BTJ model for

curved boundaries and 3D cases can also be obtained.

Combining the boundary conditions of BTJ above with the energy con-

servation equation and the diffusion approximation of BTE [27], the tem-

perature distribution can be obtained,

T xð Þ ¼
Th + Tc � Thð Þ x

Lx

h i
+ 2

3
Kn Tc + Thð Þ

1 + 4
3
Kn

, (7)

with Kn ¼ lMFP/Lx. As Kn ! 0, the expression above is reduced to the

fully-diffusive solution,

T xð Þ ¼ Th + Tc � Thð Þ x

Lx
: (8)

On the contrary, with Kn! ∞, we have the solution at the Casimir limit,

T xð Þ ¼ Tc + Th

2
: (9)

Fig. 4A shows the temperature distributions predicted by the model and

the phonon Monte Carlo (MC) simulation [54] that directly solves the pho-

non BTE, respectively. When the ballistic effect can be ignored, the result

of Fourier’s law is basically consistent with that from the MC simulation.
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As the Kn number increases, the BTJs become larger and larger, causing the

temperature distribution to deviate from the prediction of Fourier’s law.

The temperature distribution model, Eq. (7), can well predict the results

of the phonon MC simulation.

Fig. 4 (A) Temperature distributions within nanofilm of phononic black-body boundaries
and (B) cross-plane thermal resistance of nanofilm of phononic black-body boundaries.
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Furthermore, the total thermal resistance of this cross-plane heat con-

duction nanofilm can be derived based on the model above [27], which

is given by,

Rcr

R0
¼ 1 +

4

3
Kn ¼ 1 +

Rba

R0
, (10)

where R0 ¼ Lx/κ0 is the intrinsic thermal resistance, and Rba can be called

the ballistic thermal resistance,

Rba ¼ 4

3
Kn

Lx

κ0
¼ 4

3
KnR0, (11)

which will be enhanced with the increasing Kn number.

Fig. 4B shows the cross-plane thermal resistance ratio as a function of the

Kn number, obtained from Eq. (10) and phonon MC simulations. The ratio

between the total thermal resistance and the intrinsic one linearly increases

with the increasing Kn number, which underscores of ballistic effect at

nanoscale. It should be emphasized that ballistic thermal resistance is not a

phenomenon limited to the boundary, but is related to the characteristic

length of the entire system. As the characteristic length increases (Kn number

decreases), the ballistic effect gradually weakens, with the ballistic thermal

resistance decreasing. Eq. (10) can predict the cross-plane thermal resistance

of nanofilm with phononic blackbody boundaries very well, with a maxi-

mum deviation from the MC prediction of less than 5%.

2.2.2 Reflective boundary condition with interfacial effect
In practical applications, the boundary in contact with the heat sink generally

has phonon properties mismatch (i.e., the heat sink and the nanostructure

are different materials). In this case, the reflective boundary condition should

be adopted [27] to consider the transmission and reflection of phonons at the

boundary,

f + μ � 0, x ¼ 0ð Þ ¼ thf f0 Thð Þ � r fh f
� μ � 0, x ¼ 0ð Þ,

f � μ � 0, x ¼ Lxð Þ ¼ thf f0 Tcð Þ � r fh f
+ μ � 0, x ¼ Lxð Þ: (12)

in which thf is the transmittance from heat sink to nanofilm, and rfh is the

reflectance in the nanofilm. At the room or higher temperature, the phonon

transmittance and reflectance can be estimated using the diffusion mismatch

model (DMM) [55],
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thf ¼ CVv

CVhvh + CVv
,

r fh ¼ CVv

CVhvh + CVv
:

(13)

Following the identical methodology for the phononic black-body bound-

ary case, the BTJs in this case is derived as [27],

Th � T j0 ¼ � 2

3
lMFP

1 + r fh
1� r fh

� �
∂T

∂x

���
0
,

T jLx
� Tc ¼ � 2

3
lMFP

1 + r fh
1� r fh

� �
∂T

∂x

���
Lx

: (14)

Then, the temperature distribution can be obtained as follows,

T xð Þ ¼
Th + Tc � Thð Þ x

Lx

h i
+ 2

3
1 + r fh
1�r fh

� �
Kn Tc + Thð Þ

1 + 4
3
Kn 1 + r fh

1�r fh

� � : (15)

Similarly, as Kn! 0, Eq. (15) will be reduced to the Fourier’s law-based

solution, i.e., Eq. (8), and as Kn! ∞, Eq. (15) becomes the solution of

Casimir limit.

Fig. 5A presents the temperature distributions inside the nanofilms

with reflective boundary conditions. Here, it is assumed that the material

of the heat sink is germanium (Ge) and the film material is silicon (Si).

According to Chen’s article [55], the phonon properties of Ge and Si are

as follows: CV_Si ¼ 0.93�106J/m3K, ρSi ¼ 2330kg/m3, vSi ¼ 1804m/s,

MFPSi ¼ 260.4nm, CV_Ge ¼ 0.87�106 J/m3K, ρGe ¼ 5500kg/m3, vGe ¼
1042m/s, and MFPGe ¼ 198.6nm. Thus, the phonon transmittance and

reflectance are calculated using theDMM.The ballistic effect and the phonon

property mismatch are coupled and cause the BTJs.

Furthermore, the total thermal resistance in this case is given by [27],

Rcr_interface ¼ Lx

κ0
1 +

4

3
Kn

1 + r fh
1� r fh

� �	 

¼ R0 + Rcoup, (16)

in which Rcoup is the thermal resistance resulted from the coupling of bal-

listic effect and interfacial effect. Fig. 5B shows the total thermal resistance

calculated by the model Eq. (16) and the MC simulation, respectively. As

indicated by both the model and simulation, due to the effect of interface

phonon property mismatch, the thermal resistance significantly increases

compared to the case of phononic blackbody boundary.
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Fig. 5 (A) Temperature distributions within nanofilm of reflective boundaries and
(B) cross-plane thermal resistance of nanofilm of reflective boundaries.
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2.3 Boundary heat flux slip (BHFS)
Phonon scattering at the rough boundaries is the leading factor that causes

the BHFS [27,46]. Fig. 6 shows the schematic that compares the heat flux

distributions in different regimes for the in-plane heat conduction within a

suspended film. In the case of diffusive heat conduction, the heat flux is uni-

form along the y direction. By contrast, with the y-directional thickness

decreasing, i.e., the Kn number increasing, the phonon-boundary scattering

will reduce the heat flux near the boundaries. For such suspended case,

Ziman [40] derived a prediction model for the heat flux distributions based

on BTE. Additionally, the heat flux distributions for suspended nano-

structures were described using the phenomenological models based on

the phonon hydrodynamics by analogy with the velocity slip condition in

fluid mechanics [56]. Nevertheless, it should be noted that most of the

nanostructures in practice are not suspended, especially in the case of elec-

tronic devices where the basic structure is generally nanofilm on substrate. In

this sense, the interfacial effect can significantly alter the heat flux distribu-

tions [27,57,58]. Hua and Cao [27] studied this effect in the nanofilm on a

substrate based on the BTE.

This subsection will discuss the features of BHFS in the suspended and

supported nanofilms respectively on the basis of phonon BTE.

2.3.1 Suspended case
For a suspended nanofilm illustrated in Fig. 6, the temperature difference is

imposed in the x-direction, and the BTE is simplified to consider only the

effect of boundary scattering in the y-direction [27],

vyτ
∂Δf
∂y

+ Δf ¼ �vxτ
∂f0
∂T

dT

dx
(17)

BHFS FourierO

y

Lyq(y)

Fig. 6 Schematic of the heat flux distributions for in-plane heat conduction in nanofilm.
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with Δf ¼ f � f0 and the boundary conditions as,

Δf 0, vy > 0
� � ¼ PrΔf 0, vy < 0

� �
,

Δf Ly, vy < 0
� � ¼ PrΔf Ly, vy > 0

� �
:
: (18)

in which Pr is the specular reflection coefficient of phonons. We can have

the heat flux distribution [27],

qx yð Þ
q0

¼ 1� 3

4

ð1
0

1� Pr

1� Pr exp � 1
μKn

� �
exp � y=Ly

μKn

� �
+

exp � 1� y=Ly

μKn

� �
2
66664

3
77775 1� μ2
� �

dμ, (19)

where q0¼ �κ0dT/dx is the heat flux calculated using Fourier’s lawwith the

intrinsic thermal conductivity, and the Kn number here is defined as

Kn ¼ lMFP/Ly.

Fig. 7A gives the heat flux distributions in the suspended nanofilms. The

model above can well predict the results obtained by the MC simulations.

Due to the diffusive phonon boundary scattering, the heat flux decreases

near the boundaries. When phonons undergo fully specular reflection at

the boundary with Pr ¼ 1, the BHFS disappears. In addition, as theKn num-

ber increases, the effect of boundary scattering becomes more profound, and

the heat flux near the boundaries will further decrease.

Furthermore, the in-plane thermal resistance can be given by,

Rin

R0
¼ 1� 3Kn 1� Prð Þ

2

ð1
0

1� exp � 1
μKn

� �
1� P exp � 1

μKn

� � 1� μ2
� �

μdμ

2
4

3
5
�1

(20)

in which R0 ¼ Lx/κ0Ly is the intrinsic thermal resistance in this case. As

shown in Fig. 7B, Eq. (20) agrees well with the results obtained from pho-

non MC simulations. Increasing the Kn number or decreasing the specular

reflection coefficient both result in an increase in the in-plane thermal resis-

tance of the nanofilm. As Pr ¼ 1, the completely-specular reflection on the

boundaries will not cause the heat flux slips, so the in-plane thermal resis-

tance of the nanofilm will not increase as the thickness decreases.

2.3.2 Nanofilm on substrate
For the electronic devices, the nanofilms are always placed on a substrate,

as shown in Fig. 8, and the interface between the nanofilm and the
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substrate will also have a significant impact on the heat flux distribution

within the nanofilm. The phonons can scatter at the interface; they can

also penetrate the interface and enter the substrate, while the phonons

in the substrate can enter the nanofilm. At this point, there are two main

Fig. 7 (A) Heat flux distributions within suspended nanofilm and (B) in-plane thermal
resistance of suspended nanofilm.
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factors affecting the heat flux distributions inside the nanofilm: the phonon

scattering at the interface and the phonon property mismatch between the

nanofilm and the substrate [27].

Here, the corresponding BTE and boundary conditions become [27],

vyaτa
∂Δfa
∂y

+ Δfa ¼ �vxaτa
∂f0a
∂T

dT

dx
, (21a)

vybτb
∂Δfb
∂y

+ Δfb ¼ �vxbτb
∂f0b
∂T

dT

dx
, (21b)

with

Δfa Lya, vya < 0
� � ¼ PaΔfa Lya, vya > 0

� �
,

Δfa 0, vya > 0
� � ¼ Pab raaΔfa 0, vya < 0

� �
+ tbaΔfb 0ð , vyb > 0Þ� �

,

Δfb 0, vyb < 0
� � ¼ Pab rbbΔfb 0, vyb > 0

� �
+ tabΔfa 0ð , vya < 0Þ� �

,

Δfb �Lyb, vyb > 0
� � ¼ 0,

(22)

in which the subscript “a” marks quantities related to phonons inside the

thin film, while the subscript “b” for those inside the substrate, raa and rbb
are the interfacial phonon reflectance for the film and substrate, respec-

tively, tab and tba are the interfacial phonon transmittance for the film

and substrate, respectively, Pa and Pab are the specular reflection (transmis-

sion) coefficients.

Generally, the substrate is much thicker than the nanofilm, so the inter-

face/boundary effect does not significantly affect the thermal transport in

the substrate. Therefore, it is necessary to focus on the heat flux distribu-

tions inside the nanofilm. To simplify the model, it can be assumed that the

b (Ge)

a (Si)

Substrate

nanofilm

O

y
x

Lyb

Lya

q(y)

Fig. 8 Schematic of the heat flux distribution within the nanofilm on a substrate.
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lower boundary of the substrate is completely diffuse. Then, the heat flux

distribution within the nanofilm with considering the substrate is expressed

as (0�y<Lya) [27],

qa yð Þ
q0a

¼ 1� 3

4

ð1
0

G+
a exp � y=Lya

μKna

� �
+ G�

a exp
y=Lya

μKna

� �� �
1� μ2
� �

dμ,

(23)

with

G+
a ¼

1 + Pab exp � Lya

lMFPaμ

� �
1� Pað Þ � 1

� �
raa + exp � Lyb

lMFPbμ

� �
� 1

� �
γtba

	 


1� PaPabraa exp �2
Lya

lMFPaμ

� � ,

G�
a ¼ exp � Lya

lMFPaμ

� � 1� Pa + Pa exp � Lya

lMFPaμ

� � 1� Pab raa + γtbað Þ

+ exp � Lyb

lMFPbμ

� �
γPabtba

2
664

3
775

1� PaPabraa exp �2
Lya

lMFPaμ

� � ,

in which γ ¼ lMFPb/lMFPa is MFP ratio and Kna ¼ lMFPa/Lya.

Fig. 9A shows the heat flux distributions inside the nanofilms on a sub-

strate. Assuming that the materials of the nanofilm and the substrate are Si

and Ge, respectively, the mean free path ratio, raa, rbb, tab, and tba can also

be calculated based on the average phonon properties of Si and Ge as

described earlier. The specular reflectance and transmittance of phonons

at the interface can be calculated using the acoustic mismatch model

(AMM) [59]. In fact, the phonon reflection and transmission at interface

is a complex process, and the factors such as phonon mode conversion

and interfacial bonding strength [60] may take effect. Following the

method proposed by Prasher [60], the mean values of these quantities

are given by,

tSi_Ge Ge_Sið Þ ¼ 2

ðθc
0

tSi_Ge Ge_Sið Þ cos θð Þd cos θð Þ

rSi_Ge Ge_Sið Þ ¼ 1� tSi_Ge Ge_Sið Þ

(24)
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Fig. 9 (A) Heat flux distributions within the nanofilm on a substrate and (B) in-plane
thermal resistance of the nanofilm on a substrate.
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with

tSi_Ge Ge_Sið Þ ¼ 4zSizGe cos θSið Þ cos θGeð Þ
zSicos θSið Þ + zGe cos θGeð Þ½ �2

zSi ¼ ρSivg_Si

zGe ¼ ρGevg_Ge

sin θSið Þ=vg_Si ¼ sin θGeð Þ=vg_Ge:

(25)

In addition, according to Chen’s article [55], when using the AMM, a cor-

rection must be made to ensure energy balance across the interface, that is,

t0Si Ge ¼ tGe Si vg GeCV Ge=vg SiCV Si

� �
，r 0Si Ge ¼ 1� t0Si Ge.

The heat flux decreases near the boundary and the interface in contact

with the substrate, and this slip phenomenon intensifies with increasing

Kn number. However, due to the influence of the mismatched phonon

properties at the interface, the heat flux distribution becomes asymmetrical.

As the MFP ratio is decreased from 0.77 to 0.2, the heat flux near the inter-

face will be further reduced. In a suspended nanofilm, when the specular

reflection coefficient is 1, the BHFS will disappear. By contrast, for a

nanofilm on a substrate, the phonon property mismatch at the interface

alone can lead to the changes in the heat flux distribution. In this case,

the in-plane thermal resistance of the nanofilm becomes [27],

Rin_interface¼ R0a 1� 3Kna
4

ð1
0

G+
a + G�

a

� �
1� exp � 1

μKna

� �� �
1� μ2
� �

μdμ

8<
:

9=
;

�1

:

(26)

As shown in Fig. 9B, an increase in theKn number, a decrease in the specular

reflectance coefficient, or a decrease in the MFP ratio can lead to an increase

in the in-plane thermal resistance of a nanofilm on a substrate. Importantly,

even when Pr ¼ 1, the in-plane thermal resistance can also increase due to

the phonon property mismatch.

3. Effective thermal conductivity of nanostructures

As stated in Section 2, an “effective” or “apparent” thermal conduc-

tivity can be defined using the conventional Fourier’s law for a specific

nanostructure, which holds very different features compared to the intrinsic

one of bulk materials. It is a direct experimental evidence of ballistic heat
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conduction, and can reflect the thermal transport ability of the structure. Li

et al. [61] measured the effective thermal conductivity of silicon nanowires

and found that it increases with increasing diameter, and the thermal con-

ductivity of 50nm-diameter nanowire is only one-fifth of the bulk value of

silicon. The subsequent experiments have shown that the effective thermal

conductivity can be further reduced to one-hundredth of the bulk value by

surface roughening [62]. Liu and Asheghi [63] used Joule heating-based

technique to measure the in-plane effective thermal conductivity of nano-

films and found that it increases with increasing thickness. Chen et al. [64]

probed the effective thermal conductivity of silicon nanowires varying with

temperature and diameter. Hsiao et al. [65] found that the effective thermal

conductivity of silicon-germanium nanowires significantly depends on

length rather than diameter due to the ballistic transport of long-wavelength

phonons. Johnson et al. [66] measured the effective thermal conductivity of

a suspended nanofilm and found that even for the thicknesses in the microm-

eter range, there is still a significant size effect on the effective thermal

conductivity.

In particular, the combination of Fourier’s law-based model and the

proper effective thermal conductivity expressions can realize the efficient

thermal modeling of electronic devices with considering the non-Fourier

effect [30,38,50]. Therefore, the study of effective thermal conductivity

of nanostructures has both theoretical and practical importance.

This section will discuss the factors that can significantly influence the

effective thermal conductivities of nanostructures, including: (a) character-

istic size and geometry; (b) heating condition; (c) interfacial effect; (d) stress;

(e) electric field.

3.1 Effects of size and geometry
There have been many models to predict effective thermal conductivity

dependent on the characteristic length for various nanostructures, including

nanofilms, nanowires of different cross sections. Majumdar [51] derived a

model for the normal thermal conductivity of nanofilms based on the phonon

radiation transfer equation. Alvarez and Jou [53] obtained a model for the sur-

face thermal conductivity of thin films from the perspective of extended

non-equilibrium thermodynamics. In addition, L€u et al. [67] derived a ther-

mal conductivitymodel for infinitely long rectangular nanowires based on the

phonon radiation transfer equation. Dong et al. [68] derived thermal conduc-

tivity models for nanofilms and nanowires based on thermal-mechanical
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theory, considering the rheological phenomenon of thermal-mechanical fluid

properties near the boundary.

Note that most of those models only consider one single characteristic

length; however, for the practical nanostructures, phonon transport is always

affected by multiple geometric constraints, and thus the effective thermal

conductivity can depend on multiple dimensions simultaneously [47].

Fig. 10 shows a typical suspended multi-constrained nanostructure,

where the temperature difference is imposed in the x direction (its two ends

are respectively in contact with two heat sinks) and phonons scatter at the

side boundaries. The length Lx in the axial direction and the characteristic

size of cross section are both comparable to the phononMFPs, so the effec-

tive thermal conductivity of this structure can depend on multiple charac-

teristic lengths in this case. It could be difficult to derive an analytical model

by directly solving the BTE. Here, we present an effective means to model

such multi-constrained effective thermal conductivity through summation

and decomposition of thermal resistance, following the work by Hua and

Cao [47].

The total thermal resistance of the nanostructure illustrated in Fig. 10 is

given by,

Rt ¼ Lx

Sκeff
¼ R0 + Rx + Rl, (27)

in which S is the cross-sectional area, R0 is the intrinsic thermal resistance,

Rx represents the thermal resistance caused by x-directional constraint, and

Rl refers to that caused by the lateral constraints. R0 is calculated using the

intrinsic thermal conductivity of bulkmaterial,whileRx andRl can be derived

though thermal resistance decomposition as follows.

Firstly, considering only the effect of x-directional constraint, the ther-

mal resistance of the nanostructure is equal to the sum of the intrinsic ther-

mal resistance and that caused by x-directional constraint,

Lx

T2

T1
q

Fig. 10 Schematic for typical suspended multi-constrained nanostructure.
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Rcr ¼ R0 + Rx ¼ R0 +
4

3

Lx

Sκ0
Knx, (28)

in which the x-directional Kn number is defined as Knx ¼ lMFP/Lx. Thus,

the thermal resistance caused by x-directional constraint is derived as,

Rx ¼ 4

3

Lx

Sκ0
Knx: (29)

Similarly, considering only the effect of lateral constraint, the thermal resis-

tance becomes the sum of the intrinsic thermal resistance and that from the

lateral constraint, that is,

Rin ¼ Lx

Sκin
¼ R0 + Rl, (30)

with

Rl ¼ R0 G � 1ð Þ, (31)

in which for an arbitrary cross-section shape, G is given by,

G�1¼ 1� 3

2πS

ð
S

dS

ð2π
0

ð0
π=2

1� Pð Þ exp � r� rBj j
vgτ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� μ2

p
 !

1� P exp � r� rBj j
vgτ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� μ2

p
 !

2
66664

3
77775μ2dμdφ

(32)

Then, according to Eq. (27), the total thermal resistance as well as the multi-

constrained effective thermal conductivity are derived,

Rt ¼ Lx

Sκeff
¼ R0 +

4

3
KnxR0 + R0 G � 1ð Þ ¼ R0

4

3
Knx + G

� �
, (33)

κeff
κ0

¼ 1
4
3
Knx + G

: (34)

Although the derivation of the above model is based on the gray-body

approximation of phonons, it can also be applied to cases considering the

dispersion relations, which is given by,

κeff ¼ 1

3

X
j

ðωmj

0

ħω
∂f BE
∂T

vgωj lbj ωð ÞDOSj ωð Þdω, (35)
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with

lbj ¼ lintj
4lintj
3Lx

+ G lintj
� � , (36)

in which lintj refers to the intrinsic MFP of j phonon branch.

The model above is employed to calculate the effective thermal conduc-

tivities of three representative nanostructures: nanofilm of finite thickness

and length, finite-length cylindrical nanowire, and finite-length rectangular

nanowire, as shown in Fig. 11. TheG function for each geometry is given as

follows:

G�1
film ¼ 1� 3

2
Kny

ð1
0

1� exp � 1

Kny
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� μ2

p
 !" #

μ3dμ, (37)

G�1
cir ¼ 1� 12

π

ð1=2
0

rdr

ð2π
0

dφ

ð1
0

μ2dμ exp � sin φ� arcsin 2rsin φð Þ½ �ð Þ
2 sin φð ÞKnD

� �

(38)

G�1
sq ¼ 1� 3

π

ð1
0

dy

ð1
0

dz

ð1
0

μ2dμ

ðφ2

φ1

exp � 1� y

KnL sin φð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� μ2

ph i
0
B@

1
CAdφ +

ðφ3

φ2

exp � z

KnL cos φð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� μ2

ph i
0
B@

1
CAdφ

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;
(39)

where Kny ¼ l0/Ly is the Kn number defined using the film thickness Ly,

KnD ¼ l0/D is the Kn number by the diameter D of nanowire, and

KnL ¼ l0/L with the cross-section length L.

Fig. 12A shows the effective thermal conductivity of themulti-constrained

nanofilm. When Knx is given, it decreases as Kny increases, and vice versa.

Lx
Lx

Lx

Ly
Ly

Lz
A B C

D
q

q

q

Fig. 11 (A) Nanofilm of finite thickness and length, (B) finite-length cylindrical nanowire,
and (C) finite-length rectangular nanowire.

378 Yu-Chao Hua et al.



Fig. 12 Effective thermal conductivity of (A) multi-constrained nanofilm; (B) finite-
length circular nanowire; and (C) finite-length rectangular nanowire.
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The model here agrees well with the results of phonon MC simulations.

Fig. 12B and C show the effective thermal conductivity of finite-length cylin-

drical and rectangular nanowires. The model predictions here also have good

consistency with those from the phonon MC simulations.

3.2 Effect of heating conditions
Self-heating of electronic devices, where intensive internal heat source is

presence at the nanoscale, is a crucial topic for electronic thermal manage-

ment. Additionally, in order to probe the effective thermal conductivity of a

particular nanostructure, imposing temperature difference and internal

heating are the two widely-used schemes in experiments or simulations

[29]. As shown in Fig. 13A, when using the temperature-difference scheme,

the effective thermal conductivity is calculated as the ratio of heat flux to

temperature gradient,

κT ¼ qLx

ΔT : (40)

Fig. 13B illustrates the internal-heating scheme, where the effective thermal

conductivity is usually derived from the average temperature rise,

κI ¼ Lx
2 _S

12ΔT
, (41)

in which _S is the internal heat source and the average temperature rise is

given by,

Lx Lx

T0

q
S

Th T0 T0

Heat sink Heat sinkNanofilm

A B

Fig. 13 Schematics for (A) temperature-difference scheme and (B) internal-heating
scheme.
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ΔT ¼ 1

Lx

ð
Lx

ΔTdx: (42)

For macroscale heat conduction where Fourier’s law is valid, the thermal

conductivity obtained by different heating schemes should be identical

for one structure. However, for the effective thermal conductivities of nano-

structures, this conclusion no longer holds due to ballistic effect. Here, the

BTE corresponding to the nanofilm with internal heating, as shown in

Fig. 13B, is given by [29],

vgμ
∂f

∂x
¼ f0 � f

τ
+ _SΩ (43)

with the phonon source term _SΩ. Then, the dimensionless temperature dis-

tribution is expressed as,

ΔT∗
Knx

ηð Þ ¼ T�T 0

_SL2
x=8κ0

� � ¼ 4 1� ηð Þη + 8

3
Knx

�Knx
2

3
exp �2

1� η
Knx

� �
+ exp �2

η
Knx

� �	 


+
Knx

2

3
1 + exp � 2

Knx

� �	 

(44)

with η ¼ x/Lx. As Knx ¼ 0, Eq. (44) is reduced to the diffusive solution,

ΔT ∗
Knx¼0 ηð Þ ¼ 4 1� ηð Þη: (45)

As shown in Fig. 14A, temperature jumps occur at the boundaries, which

increase with increasing Kn number, meanwhile the average temperature

rise inside the nanofilm also significantly increases. In the range of small

Kn number, the model, Eq. (44), can well predict the results of phonon

MC simulations. As the Kn number is very big, the model will underesti-

mate the temperature rise.

Then, the effective thermal conductivity from the internal heating

scheme following Eq. (41) is given by,
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κI
κ0

¼ 1

1 + 4Knx +
Knx

2

2
1 + exp � 2

Knx

� �	 

+

Knx
3

2
exp � 2

Knx

� �
� 1

	 


� 1

1 + 4Knx

:

(46)

Fig. 14 (A) Temperature distributions in nanofilms of internal heating and (B) effective
thermal conductivity under different heating conditions.
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According to Fig. 14B, the model, Eq. (46) can well predict the effective

thermal conductivity obtained by phonon MC simulations for the internal

heating scheme. It is found that in this case the effective thermal conductiv-

ity of nanofilm also decreases with the increase of Kn number. As a compar-

ison, the effective thermal conductivity of the same nanofilm under the

temperature-difference scheme is expressed as [51],

κT
κ0

¼ 1

1 + 4
3
Knx

(47)

Comparing Eqs. (46) and (47), it can be found that due to ballistic effect, the

effective thermal conductivity of one nanofilm obtained under different

heating conditions becomes different. The simulations and model calcula-

tions in Fig. 14B both show that the effective thermal conductivity of

nanostructures with internal heat sources becomes lower than that under

the temperature-difference condition. This indicates that in the case of inter-

nal heating, the phonons emitted from inside the nanofilm are more easily

affected by boundaries.

3.3 Interfacial effect
Generally, the presence of interfaces leads to an increase in thermal resis-

tance. However, experiments by Yang et al. [69] have shown that van

der Waals (vdW) interfaces between two identical materials in nanofilms

can increase the effective thermal conductivity. Subsequently, some

researchers have also found the same phenomenon through molecular

dynamics simulations [57,70–72]. In fact, interfaces are usually present

between two different materials, which means that the mismatch of phonon

properties can also have a significant impact on heat transport. Based on

molecular dynamics simulations, Zhang et al. [73] found that the thermal

conductivity of graphene on the substrate can be enhanced or suppressed

by changing the properties of the substrate. However, it is still an open ques-

tion whether the mismatch of phonon properties at the interface can

enhance the thermal conductivity. Moreover, due to the lack of a unified

and rigorous analytical model, some controversies still exist even for the

extensively studied heat transfer in graphene. For example, the MD simu-

lation results by Ong and Pop [74] showed that the thermal conductivity of

graphene gradually increases with increasing binding strength between

graphene and the substrate; however, Qiu and Ruan [75] reached the oppo-

site conclusion that stronger interface binding strength will further reduce
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the thermal conductivity of graphene. The impact of phonon property mis-

match at interfaces on heat transport mainly involves three factors [76]:

(a) interface adhesion energy, (b) interface roughness, and (c) phonon prop-

erty mismatch near the interface.

Fig. 15 illustrates a bilayer nanofilm system that generally exits in elec-

tronic devices, like high electron mobility transistors [38]. The governing

equations in this case are the same as those, Eqs. (21a) and (21b), presented

in Section 2.

Particularly for this problem, a more detailed discussion of boundary and

interface conditions is necessary [76]:

Δfa Lya, vy_a < 0
� � ¼ Pr1_aΔfa Lya, vy_a > 0

� �
Δfa 0, vy_a > 0
� � ¼ Pr_aaraaΔfa 0, vy_a < 0

� �
+ Pt_batbaΔfb 0, vy_b > 0

� �
Δfb 0, vy_b < 0
� � ¼ Pr_bbrbbΔfb 0, vy_b > 0

� �
+ Pt_abtabΔfa 0, vy_a < 0

� �
Δfb �Lyb, vy_b > 0
� � ¼ Pr2_bΔf b Lya, vy_b < 0

� �
(48)

in which Pr_aa and Pr_bb are the specular reflection coefficients at the inter-

face in the nanofilms a and b respectively, Pt_ab describes the transmission

that phonons in nanofilm a penetrate into nanofilm b (ballistic penetration

does not change the propagation direction, while diffusive penetration leads

to random propagation direction), and Pt_ba is for the mode in which pho-

nons in nanofilm b penetrate into nanofilm a. Then, the effective thermal

conductivity of nanofilm a can be derived from the phonon BTE [76],

κeff_a
κ0_a

¼ 1� 3

4

ð1
0

ð1
0

G+
a exp � y

μ
1

Kna

� �

+ G�
a exp

y

μ
1

Kna

� �
0
BBB@

1
CCCA 1� μ2
� �

dμdy (49)

Fig. 15 In-plane heat conduction in a bilayer nanofilm.
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with Kna ¼ l0a/Lya, and

G+
a ¼

1� Pr1_að ÞPr_aaraa exp � 1

Knaμ

� �
+ exp � 1

Knbμ

� �
γ 1� Pr2_b
� �

Pt_batba

+ 1� Pr_aaraa � γPt_batba
� �� 1� Pr1_að Þ �

Pr2_b Pr_aaPr_bbraarbb � Pt_abPt_batabtba
� �

exp �2
1

Knbμ
� 1

Knaμ

� �

+ exp �2
1

Knbμ

� �
�

Pr2_b γPt_batba � Pr_bbrbb + Pr_aaPr_bbraarbb � Pt_abPt_batabtba
� �

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

1� exp � 2

Knaμ

� �
Pr1_aPr_aaraa � exp � 2

Knbμ

� �
Pr2_bPr_bbrbb

+ Pr1_aPr2_b Pr_aaPr_bbraarbb � Pt_abPt_batabtba
� � �

exp � 2

Knaμ
� 2

Knbμ

� �

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

,

(50a)

G�
a ¼

exp � 1

Knaμ

� �

1� Pr1_a
� �

� exp �2
1

Knbμ

� �
1� Pr1_a
� �

Pr2_bPr_bbrbb

+ exp � 1

Knaμ
� 1

Knbμ

� �
γPr1_a 1� Pr2_b

� �
Pt_batba

+ exp � 1

Knaμ
� 2

1

Knbμ

� �
�

Pr1_aPr2_b

γPt_batba � Pr_bbrbb +

Pr_bbPr_aaraarbb � Pt_abPt_batabtba

2
4

3
5

+ exp � 1

Knaμ

� �
Pr1_a 1� Pr_aaraa � γPt_batba

� �

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

9>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>;

1� exp � 2

Knaμ

� �
Pr_aPr_aaraa � exp � 2

Knbμ

� �
Pr2_bPr_bbrbb

+ Pr1_aPr2_b Pr_aaPr_bbraarbb � Pt_abPt_batabtba

� �
exp � 2

Knaμ
� 2

Knbμ

� �
8>>><
>>>:

9>>>=
>>>;

(50b)

The interface parameters in the model depend on the interfacial rough-

ness, adhesion energy, and the mismatch between the phonon properties at

the interface. Generally, the specular reflection coefficient increases with

decreasing interface roughness. According to Li and McGaughey’s paper

[77], the specular coefficient for the reflected phonons is usually smaller than

that for the transmitted phonons. The phonon transmission coefficient is
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determined by the adhesion energy and phonon property mismatch at the

interface. Referring to the improved AMM proposed by Prasher [60],

increasing the interface adhesion energy can enhance the phonon transmis-

sion coefficient, while the phonon property mismatch will impede phonon

transmission.

3.3.1 The case of identical-material interface
Identical-material interface refers to the case where the materials on both

sides of the interface are the same, which are generally caused by van der

Waals contacts between the identical materials. In this case, phonon trans-

mission is mainly determined by interfacial adhesion energy. Here, assuming

that both layers a and b are single-crystal Si materials, the physical parameters

given in Chen’s article [55] are adopted. Considering the symmetry of

the structure, we have: Pr1_a ¼ Pr2_b, Pr_aa ¼ Pr_bb, Pt_aa ¼ Pt_bb, tab ¼ tba,

raa ¼ rbb, and κeff_a ¼ κeff_b.
Fig. 16A compares the effective thermal conductivity of a bilayer

nanofilm with completely smooth interface with that of a suspended nano

single-layer film (thickness ¼ Ly). Here, Lya ¼ Lyb ¼ Ly and theKn number

is defined asKn ¼ l0/Ly ¼ l0/Lya. A completely smooth interface means that

the ballistic transmission coefficient and the specular reflection coefficient

are both equal to 1. First, the simulation results are in good agreement with

the model predictions, verifying the reliability of the model. Both the sim-

ulations and model indicate that the in-plane effective thermal conductivity

of bilayer nanofilm with completely smooth interface is equal to that of

suspended single-layer nanofilm, that is, the ballistic transmission and spec-

ular reflection of phonons on the identical-material interface will have no

effect on the effective thermal conductivity. This conclusion was also

reached by Chen et al. [70] in their MD simulations. In fact, as shown in

Fig. 16B, even for non-completely smooth interfaces, as long as the specular

reflection coefficient equals the ballistic transmission coefficient, the in-plane

effective thermal conductivity of the bilayer nanofilm will not be affected.

Referring to Fig. 17, to observe the change in the effective thermal con-

ductivity of a bilayer nanofilm, the ballistic transmission coefficient at the

interface must be nonequal to the specular reflection coefficient. For

instance, when the specular reflection coefficient at the interface is set to

0.2 and the ballistic transmission coefficient is 1 (phonons pass through

the interface ballistically), both the simulations and model show that the

interface can enhance the ability of heat conduction: the in-plane effective

thermal conductivity of the bilayer nanofilm containing interface will be

higher than that of the suspended nanofilm, and the enhancement effect
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of the effective thermal conductivity increases with the increase of phonon

transmission coefficient.

Furthermore, the interface can provide coupling between the two layers.

In the extreme case where the phonon transmission rate is equal to 1,

Fig. 16 (A) Comparison between the effective thermal conductivity of a bilayer
nanofilm with a completely smooth interface and that of a suspended nanofilm and
(B) effective thermal conductivity of a bilayer nanofilm with a rough interface, where
the ballistic transmission coefficient is equal to the specular reflection coefficient.
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phonons pass through the interface ballistically without any scattering. In

this case, the bilayer nanofilm is equivalent to a suspended monolayer

nanofilm of double thickness. Increasing the thickness will lead to an

increase in the effective thermal conductivity. Although it is difficult for

the phonon transmission coefficient at the interface to reach 1 in practice,

the coupling between the two layers can still increase the effective thermal

conductivity to some degree. As shown in Fig. 18, the specular reflection

coefficient is 0.5, the phonon transmission coefficient is 0.5, and the inter-

face ballistic transmission coefficients range from 0 to 1. It is found that the

interface will enhance the effective thermal conductivity when the ballistic

transmission coefficient is higher than the specular reflection coefficient. On

the contrary, the in-plane effective thermal conductivity of the bilayer

nanofilm will be lower than that of the suspended monolayer nanofilm.

3.3.2 The case of disparate-material interface
Disparate-material interface refers to the case where the materials on the two

sides are different, and there is mismatch in phonon properties. According to

the derived model in Eq. (49), the mismatch in phonon properties at the

interface is mainly reflected by the ratio of MFPs between the two materials,

denoted by γ. In order to demonstrate the effect of MFP ratio on the

Fig. 17 The case of non-smooth interface: the transmission coefficient is 0.2, 0.5 and 1.

388 Yu-Chao Hua et al.



effective thermal conductivity, by fixing the intrinsic MFP of Layer a and

changing that of Layer b, the MFP ratio is varied to examine the influence

of the interface on the in-plane effective thermal conductivity of Layer a. In

Fig. 19A, with the Kn number of 1 and the phonon transmission coefficient

of 0.5, the MFP ratios are set as 0.5, 1.0, and 1.5, respectively. In spite of

varied MFP ratios, the in-plane effective thermal conductivity always

increases with the increasing specular reflection coefficient at the interface.

Fig. 19B shows that the in-plane effective thermal conductivity also

increases with the increasing ballistic transmission coefficient. Therefore,

it can be concluded that regardless of the presence of phonon property mis-

match, increasing the smoothness of the interface can always enhance ther-

mal conduction.

In addition, the interfacial phonon transmission is an important param-

eter for regulating effective thermal conductivity. Both Yang et al. [69] and

Sun et al. [72] stated that the key to whether the interfacial effect can

enhance the effective thermal conductivity lies in whether the interface pho-

non transmission is strong enough. Fig. 20 shows the variation of the

nanofilm’s in-plane effective thermal conductivity with the changed inter-

facial phonon transmission. According to Fig. 20A, the Kn number is equal

to 1, the ballistic transmission coefficient is equal to 1, the specular reflection

coefficient is equal to 0.5, and theMFP ratio is 0.5, 1.0, and 1.5, respectively.

Fig. 18 The case of non-smooth interface: the specular reflection coefficient equal to 0.5.
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When the MFP ratio is bigger than or equal to 1, the interface will enhance

the effective thermal conductivity, and the enhancement effect will become

more significant as the phonon transmission increases. However, when the

MFP ratio is less than 1, the variation of effective thermal conductivity

with the phonon transmission coefficient will become more complicated.

Fig. 19 (A) Effective thermal conductivity for partially smooth interface varying with
interfacial specular reflection coefficient and (B) effective thermal conductivity for par-
tially smooth interface varying with interfacial ballistic transmission coefficient.
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In Fig. 20B, theMFP ratio is set to 0.5, and the specular reflection coefficient

is 0.2, 0.5, and 0.8, respectively. When the mirror reflection coefficient is

small (i.e., 0.2), the effective thermal conductivity increases with the trans-

mission coefficient, but when the specular reflection coefficient is large

Fig. 20 Effective thermal conductivity for partially smooth interface varying with pho-
non transmission coefficient: (A) ballistic transmission coefficient ¼ 1, specular reflec-
tion coefficient ¼ 0.5, and MFP ratios are 0.5, 1.0, and 1.5, respectively and
(B) ballistic transmission coefficient ¼ 1, MFP ratio ¼ 0.5, and specular reflection coef-
ficients are 0.2, 0.5, and 0.8.
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(i.e., 0.8), it decreases with the increasing transmission rate. This is because

there are two competitive factors that affect the effective thermal conduc-

tivity: phonons that pass through the interface ballistically will enhance ther-

mal transport, while the mismatch in phonon properties due to the MFP

ratio being less than 1 will hinder heat conduction. When the interfacial

specular reflection coefficient is small, if phonons cannot pass through the

interface, there is a high probability that they will undergo diffuse reflection

at the interface. In this case, the first factor dominates, and the effective ther-

mal conductivity increases as the number of phonons passing through the

interface (i.e., the transmission coefficient) increases. Conversely, when

the interfacial specular reflection coefficient is large, the second factor dom-

inates, and the increasing phonon transmission coefficient results in the stron-

ger interlayer coupling and the decrease in effective thermal conductivity.

This explains the differences in simulation results between Ong and Pop

[74] and Qiu and Ruan [75]: the different interfacial conditions between

graphene and silicon dioxide substrate will cause different variations in the

thermal conductivity of graphene with the interfacial bonding strength.

3.4 Effects of external fields
External fields, including the stress field and electric field, are typical factors

affecting the thermal transport of semiconductors in electronics [78,79], and

they are also common methods to tune phonon thermal transport in semi-

conductors such as GaN [80,81]. In this section, the effects of stress and elec-

tric fields on phonon thermal transport in GaN are comprehensively

discussed.

3.4.1 Stress field
In particular, strain inevitably exists in practical GaN-based devices due to

the mismatch of lattice structures and thermal expansion caused by

heteroepitaxial growth and band engineering, and significantly influences

the thermal properties of GaN [78]. Actually, from the perspective of prop-

erty tuning, strain is also necessary in devices. Specific strain is required for

designing electronic properties through band engineering. Besides, strain

can be applied as a positive method to control the properties of electrons,

photons, and phonons, since these properties are sensitive to strain [82].

With the aid of first-principles calculations and phonon Boltzmann trans-

port theory, the lattice constants, phonon properties, and thermal conductiv-

ity of GaN under different strained states are systematically investigated [81].

The strain is applied by changing the lattice constants of the structure.

Then the structure is relaxed, with the other lattice constant being settled.
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The biaxial strain is expressed by the relative variation of the lattice constant

σa ¼ (a �a0)/a0, where the lattice constants can be referred to in Fig. 21.

With biaxial strain, at a range of�5% to+5%, changes in the lattice structure

and crystal symmetry are not detected under strain states, i.e., GaN is still in

wurtzite structure with space group P63mc. The lattice thermal conductivity

changes monotonically and significantly under different strain states, as

shown in Fig. 22A–C.The results show that the lattice thermal conductivity

decreases under the tensile strain state and increases under the compressive

strain state. In detail, under +5% tensile strain state, average thermal con-

ductivity at room temperature decreases by 63% while it increases by

53% under �5% compressive strain. This is mostly attributed to changes

in phonon relaxation time based on detailed phonon analyses [81]. The

anisotropy of the lattice thermal conductivity is weak in the free state,

but it becomes larger under strained states. Under a tensile strain state,

the cross-plane lattice thermal conductivity is larger than the cross-plane

thermal conductivity, while the opposite is true under a compressive strain

state. This difference in anisotropy, corresponding to different changes of

squared in-plane and cross-plane group velocity, is a consequence of the

weakening effect from strain-induced polarization, which screens the strain

effects partially. The dimensionless cumulative thermal conductivity with

respect to phonon frequency in Fig. 22D–E shows that the cut-off phonon

frequency decreases to 6.2THzwhen the dimensionless cumulative thermal

conductivity reaches 90% under the tensile strain state, while it increases to

7.1THz under the compressive strain state. The size effect is promising to

become stronger under a compressive strain state while it weakens under a

tensile strain state. In detail, the phonon free path is 3.7μmwhen the dimen-

sionless cumulative thermal conductivity reaches 90%, and it mainly ranges

from 150 to 4000nm under a compressive strain state. Under the tensile

Fig. 21 The lattice structure of wurtzite GaN with lattice constants a and c, and internal
parameter u.
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Fig. 22 Thermal conductivity of GaN concerning (A–C) temperature, (D) frequency, and (E) free path under different strain states. From D.-S.
Tang, G.-Z. Qin, M. Hu, B.-Y. Cao, Thermal transport properties of GaN with biaxial strain and electron-phonon coupling, J. Appl. Phys. 127(3)
(2020) 035102.



strain state, the phonon free path decreases to 1.2μm for 90% dimensionless

cumulative thermal conductivity and mainly ranges from 40 to 1500nm.

3.4.2 Electric field
The electric field commonly exists in semiconductor structures in electron-

ics since it plays a key role in manipulating electrons. Moreover, applying an

external electric field is an effective way to adjust the electrical and thermal

transport properties of dielectric materials [83]. Theoretically, the response

of a lattice to a finite homogeneous electric field can be classified into three

parts [84]: (i) the response of the electron wave function (density distribu-

tion), which can be represented by Born effective charges and the dielectric

function, as well as interatomic force constants in phonon calculations;

(ii) changes in atomic coordinates; and (iii) lattice strain, including an elec-

tronic part and a lattice part. Hence, for materials whose electronic or lattice

response to an electric field is strong, their thermal conductivity can be tuned

by an external electric field.

Compared to the calculations for strain fields, calculating the responses of

three-dimensional periodic lattice structures to finite electric fields from first

principles is not an easy task. The main difficulty is that the scalar potential

“�Ε�r” (where Ε is the electric field and r is the position vector) is non-

periodic and unbounded from below. Under the framework of the modern

theory of polarization, Souza et al. developed an appropriate variance

method based on the minimization of electric enthalpy functional [85].

Methods for calculating the total energy of periodic solids, as well as forces,

stress, Born effective charges, dielectric function, and phonon properties

from first principles, were then proposed. These advancements made it pos-

sible to perform first-principles calculations for three-dimensional solids at

finite electric fields.

Recently, Tang and Cao performed an investigation on phonon and the

phonon transport properties of wurtzite GaN in finite electric fields [80].

Considering the limit from bandgap (3.49eV) of wurtzite GaN, reduced

electric fields are selected to range from �0.02 and 0.02 in the atomic unit,

corresponding to absolute electric fields�1.035�109 and 1.040�109V/m,

respectively. The electric fields are applied along the polar axis of the GaN

lattice, and the lattice symmetry is conserved under this kind of electric field.

It is noted here that the calculations are not stable when the electric field is

perpendicular to the polar axis. In Fig. 23A, the thermal conductivity is pres-

ented for a temperature range of 300–500K, with a specific focus on the

thermal conductivity at 300K, as shown in Fig. 23B. Both positive and
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Fig. 23 Thermal conductivity of GaN concerning (A and B) temperature, (C) frequency, and (D) free path at electric fields. FromD.-S. Tang, B.-Y.
Cao, Phonon thermal transport properties of GaN with symmetry-breaking and lattice deformation induced by the electric field, Int. J. Heat Mass
Transf. 179 (2021) 121659.



negative electric fields result in large decreases in thermal conductivity. In

detail, the decrease in in-plane thermal conductivity at a positive electric

field (positive direction along the z-axis) is relatively small, while the out-

of-plane thermal conductivity decreases significantly. At negative electric

field states, both the in-plane and out-of-plane thermal conductivities

decrease significantly. Furthermore, anisotropy increases under a finite elec-

tric field, while thermal conductivity remains nearly isotropic under zero

electric field. Here, the thermal conductivity along the polar axis is regarded

as the out-of-plane thermal conductivity, and that in the direction perpen-

dicular to the polar axis is the in-plane thermal conductivity. It is deduced

that changes in the distribution of phonon mode properties are responsible

for the decrease in thermal conductivity under electric fields, as no signifi-

cant differences are found in phonon properties [81]. Further quantitative

analyses confirm that the change in relaxation time is the main reason for

changes in lattice thermal conductivity under electric fields. This change

results from the increase in the anharmonicity of interatomic interactions.

Fig. 23C and D show the normalized cumulative thermal conductivity with

respect to phonon mean free path and frequency, respectively. The maxi-

mum mean free path at the free state, i.e., at zero electric fields, is around

10μm. Corresponding to the variances in lattice thermal conductivity under

finite electric fields, the changes in the maximum phonon mean free paths

are, however, not significant. The maximum phonon free path remains

nearly constant for the out-of-plane condition, while a slight increase occurs

for the in-plane condition. Since electric fields do not significantly shift or

reduce low-frequency phonon branches, the maximum cut-off frequencies

are nearly kept constant under electric fields.

For wurtzite GaN,Quan et al. also performed a systematic first-principles

study on the electric field effect on thermal conductivity [86]. While the

phonon dispersion with the electric field remains nearly constant, the ther-

mal conductivity undergoes significant changes. The thermal conductivity

parallel to the electric field increases, with a more than 12% increase at

200K and an 8% increase at higher temperatures, while the thermal conduc-

tivity perpendicular to the electric field decreases by 7%. This is attributed to

differences in the stiffness of the Ga-N bond, ionicity, and scattering rates of

phonons travelling in different directions. In their work, the researchers also

investigated the condition where an electric field is applied along the

in-plane direction. In this condition, the lattice structure becomes unstable

and all crystal symmetries are lost. As a result, thermal conductivity decreases

due to the accompanying increase in phonon-phonon scatterings.
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4. Thermal spreading resistance in ballistic-diffusive
regime

4.1 Thermal spreading resistance
Thermal spreading resistance is a common phenomenon in electronic

devices, which occurs when heat is transferred from a small heat source

region to a much larger area [36]. As shown in Fig. 1, in GaN HEMTs heat

is generated in the 2DEG region at the top of the GaN layer, which has a

small width ranging from a few hundred nanometers to several micrometers,

depending on the bias voltage and channel length [33]. As heat spreads from

the heat source to the substrate, there is a significant thermal spreading resis-

tance that is much greater than the one-dimensional thermal resistance [19].

The one-dimensional thermal resistance in the GaN layer is defined by

Eq. (51)

R1D0 ¼ t

wκ0
, (51)

where t,w, κ0 are the thickness, width, and the intrinsic thermal conductivity

of the device layer, respectively. To quantify the thermal spreading resis-

tance, the total thermal resistance is defined by Eq. (52),

Rhs_tot ¼ Ts

Qhs

¼ Rsp0 + R1D0: (52)

where Qhs is the total heating power and Ts is the mean heat source tem-

perature. The thermal spreading resistance Rsp0 can then be calculated as the

difference between the total thermal resistance and the one-dimensional

thermal resistance.

The researchers have conducted in-depth studies on the thermal spread-

ing resistance. Despite extensive research on thermal spreading resistance,

most analytical solutions or numerical simulations are based on Fourier’s

law of heat conduction. Muzychka et al. derived an analytical solution for

the thermal spreading resistance of eccentric heat sources on rectangular flux

channels [34], which was subsequently extended by Muzychka et al. and

Gholami et al. to incorporate interfacial thermal resistance, anisotropic ther-

mal conductivities, and arbitrary hot spot locations [87,88]. Darwish et al.

considered a more realistic scenario and developed a thermal resistance

model for HEMT devices, taking into account the temperature dependence

of thermal conductivity [89].
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As an example, in the case of thermal spreading transport in the GaN

layer, as depicted in Fig. 24, the total thermal resistance based on Fourier’s

law can be expressed by Eq. (53),

RF

R1d�0
¼ 1 +

w

wg

� �2
w

t

� � X∞
n¼1

8 sin2
wgnπ
2w

� � � cos2 nπ
2

� �
nπð Þ3coth tnπ

w

� � : (53)

4.2 Influence of phonon ballistic transport
In electronic devices, the MFP of phonons is comparable to the thickness of

the device layer and the width of the heat source, which can lead to signif-

icant ballistic effects that affect the thermal spreading resistance. For exam-

ple, in GaN, Ziade et al. observed a significant size effect in the thermal

conductivity of thin films ranging from 10 to 1000nm in the temperature

range of 300–600K [90]. Using phonon MC simulation, Ma et al. found

that when the thickness of GaN films is less than 10μm, non-Fourier

effects should be considered [91]. Therefore, it is essential to take into

account ballistic effects in the modeling of thermal spreading resistance.

This section presents a study of thermal spreading resistance in the

ballistic-diffusive regime using phononMC simulation [30]. The proposed

model is compared with the results predicted by finite element method

(FEM). Additionally, the model derived using Fourier’s law is re-examined,

and a new model that can consider ballistic effects is developed. Fig. 24 is the

structure under investigation, which is a simplified model for the thermal

spreading process in the GaN layer.

Fig. 25 depicts the dimensionless temperature distributions calculated

using MC and FEM, respectively. The dimensionless temperature, denoted

by θhs, is defined as

Fig. 24 Schematic of thermal spreading process of the GaN layer in GaN HEMT.

399Near-junction thermal managements of electronics



θhs ¼ ΔT
QhsR1D0

: (54)

Two Knudsen numbers, Knt and Knw are defined to quantify the strength of

the ballistic effects, whereKnt ¼ l0/t andKnw ¼ l0/wg. l0 is the intrinsic pho-

non MFP. The dimensionless temperatures obtained from FEM simulations

reveal that the thermal spreading effect alone can lead to a significant increase

in the peak value of the dimensionless temperature. For instance, as shown in

Fig. 25A, when w/t ¼ 40 and wg/w ¼ 0.01, the peak temperature is about

25 times higher than that predicted by one-dimensional heat conduction. In

addition, as shown by the MC simulation results (Fig. 25B), the ballistic

effect can further increase the peak value of the dimensionless tempera-

ture. Also, in phonon ballistic transport, internal phonon scattering is lim-

ited, resulting in a longer and narrower high-temperature region. As a

result, due to the altered dimensionless temperature distribution in the
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Fig. 25 Dimensionless temperature distributions with w/t ¼ 40 and wg/w ¼ 0.01.
(A) FEM and (B) MC, Knt ¼ 2, Knw ¼ 5.
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ballistic-diffusive regime, the total thermal resistance of the structure

increases significantly compared to predictions based on Fourier’s law.

Fig. 26 compares the dimensionless total thermal resistance predicted

by MC, FEM, and Fourier’s law-based models (Eq. 53). It can be

observed that when only the thermal spreading effect is considered, the

dimensionless total thermal resistance depends solely on wg/w and w/t.

The dimensionless total thermal resistance increases with decreasing

wg/w and approaches a plateau value with increasing w/t. The model

based on Fourier’s law of heat conduction agrees well with the FEM sim-

ulations, indicating that the model describes the thermal spreading process

accurately.

Fig. 26 Dimensionless total thermal resistance as a function of w/t, with (A) wg/w ¼
0.005 and (B) 0.01.

401Near-junction thermal managements of electronics



Moreover, the MC simulation results show that the variance law of the

dimensionless total thermal resistance with wg/w and w/t in the ballistic-

diffusive regime is almost identical to that predicted by the model based on

Fourier’s law. Therefore, it can be assumed that the thermal spreading effect

can still be approximated by Fourier’s law even in the ballistic-diffusive regime.

Fig. 25 only exhibits the Knt dependence of thermal resistance, Knw is not

shown since it is not an independent variable,

Knw ¼ Knt= wg=w
� �

w=tð Þ� �
: (55)

The relationship between thermal resistance and Knw can be investigated by

calculating the ratio of thermal resistance between MC and Fourier’s

law-based models. Fig. 27 shows that the thermal resistance ratio is always

Fig. 27 Thermal resistance ratio as a function of Knw, with (A) w/t ¼ 40 and (B) 4.
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greater than 1 and increases with increasing Knw. This implies that the bal-

listic effect with the size of the heat source comparable to MFP significantly

enhances the total thermal resistance.

To develop a more accurate thermal resistance prediction model that

considers both thermal spreading and ballistic effects, the phonon BTE

can be combined with fitting simulation results. The resulting model is

expressed as Eq. (56),

R

R1D_0
¼ RF

R1D_0
1 +

2

3
Knt

� �
rw, (56)

where RF is the total thermal resistance calculated using Fourier’s law,

1+2/3Knt is introduced to account for the cross-plane effect, and rw ¼
(1+AwKnw) is used to characterize the ballistic effect with the size of the heat

source comparable to phonon MFP, in which Aw is a fitting parameter.

4.3 Influence of phonon dispersion
The thermal resistance model developed in the previous section is based on

the gray-medium approximation, which replaces the whole MFP spectrum

with a representativeMFP.However, theMFP spread of actual semiconduc-

tor materials is significantly wide [25]. Freedman et al. discovered that for

GaN, AlN, and 4H-SiC, phonons with MFP greater than 1000	230,

2500	800, and 4200	850nm, respectively, contribute more than 50%

to the bulk thermal conductivity at room temperature [92]. Therefore, it

is essential to extend the gray model to include the phonon dispersion.

This section presents a study of thermal spreading resistance with the disper-

sion of various typical wide-bandgap semiconductors, including GaN, SiC,

AlN, and Ga2O3, in the ballistic-diffusion regime, using MC simulations

[50]. Based on the gray model, a thermal resistance model that can consider

the influence of phonon dispersion is developed.

The sine-shaped Born-von Karman dispersion is adopted for all mate-

rials. The relationship between the frequency ω and the wave vector k is

ω(k) ¼ ωmax sin(πk/2km) [37]. The essential phonon scattering mechanisms

for the considered materials include impurity scattering (I) and Umklapp

phonon-phonon scattering (U). The corresponding relaxation time can

be expressed as τI
�1 ¼ Aω4 and τU

�1 ¼ Bω2Texp(�C/T), where A, B,

and C are fitting constants [41]. The total relaxation time can be calculated

using Matthiessen’s rule, τ�1¼ τ�1
I + τU�1. Parameters of different materials
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can be obtained by fitting the measured thermal conductivities. Table 1

shows the fitted parameters for the studied materials.

To account for the phonon dispersion from the gray model approxima-

tion, we can adopt a method similar to that used to calculate the size-

dependent thermal conductivity by integrating the phonon spectrum [47],

κeff ¼ 1

3

X
j

ðωj

0

ħω
∂f0
∂T

vgωj lj,mDOSj ωð Þdω: (57)

The phonon branch-dependent effective MFP can be calculated using

Eq. (58),

lm,j ¼ l0,j

1 + Aw wg=w,w=t
� �

Knw�ω,j
� �

1 + 2
3
Knt�ω,j

� � lj,m, (58)

where l0, j is the intrinsic MFP of phonons with a given frequency and pho-

non branch.

Knw�ω, j ¼ l0, j/wg andKnt�ω, j ¼ l0, j/t are the Knudsen number of phonon

at the given mode. The effective thermal conductivity can be calculated

using given phonon dispersion and then used in Fourier’s law-based model

to calculate the total thermal resistance of the system. This method is referred

to as the gray model in the following sections. It should be noted that

Eq. (57) is normally used to account for the contribution of phonons in dif-

ferent modes to the heat flow of the system. In thermal spreading problems,

this treatment is only an approximation and may lead to inevitable devia-

tions. However, it is a simple way to roughly consider the complex phonon

dispersion in thermal modeling of electronic devices.

Fig. 28 presents the dimensionless total thermal resistance of GaN, cal-

culated using MC simulation and the gray model. Although the gray model

Table 1 Phonon dispersion and relaxation time.
Parameter (unit) GaN SiC AlN Beta-Ga2O3

k0(1�109 m�1) 10.94 8.94 11.94 6.74

ωm(1�1013 rad/s) 3.50 7.12 5.18 1.60

aD(Å) 2.87 3.51 2.81 4.66

A(1�10�45 s3) 5.26 1.00 10.50 1.38E-6

B(1�109 s/K) 1.10 0.60 0.74 9.31

C(K) 200.00 235.00 287.50 62.60
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can approximately reflect the variation law of the total thermal resistance, the

maximum deviation between the model-predicted results and the

MC-simulated results exceeds 30%. To improve the accuracy of the model

and clarify the source of deviations, it is necessary to analyze the two kinds of

ballistic effects separately in the system, which include the cross-plane bal-

listic effect and the ballistic effect with the size of the heat source comparable

to the phonon MFP.

To eliminate the deviations caused by the heat source-related ballistic

effect, the rw directly extracted from MC simulations are substituted for

(1+Aw(wg/w,w/t)Knw�ω, j) in Eq. (58), resulting in Eq. (59),

lm,j,1 ¼ l0,j

1 + 2
3
Knt�ω,j

� �
rw,dispersion

(59)

Fig. 29 illustrates the dimensionless total thermal spreading resistance calcu-

lated using MC simulation and the model based on Eq. (59). In this case, the

MC-simulated total thermal resistance is always higher than the model-

predicted values, and the deviation increases as t decreases. To eliminate

the deviations caused by the cross-plane ballistic effect, we can define the

ratio of MC-predicted thermal resistance to the model-predicted resistance

as rt. Then, by incorporating rt in the gray model, the deviations caused by

the cross-plane ballistic effect can be eliminated, and the new deviations will

be solely caused by the heat source-related ballistic effect.

Fig. 28 Dimensionless total thermal resistance of GaN as a function of w/t predicted by
the model and MC simulations, with wg/w ¼ 0.01, t ¼ 0.2, and 4 μm, respectively.
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lm,j,2 ¼ l0,j

1 + AwKnw�ω,j
� �

1 + 2
3
Knt�ω,j

� �
rt
, (60)

Fig. 30 displays the dimensionless total thermal spreading resistance calcu-

lated using MC simulation and the model based on Eq. (60). In this case,

the model-predicted values agree well with the MC-simulated results for

larger t values. However, for smaller t values, the deviations increase as

w/t decreases. We can define the ratio between the total thermal resistance

Fig. 29 Dimensionless total thermal resistance of GaN as a function of w/t predicted by
the model based on lm, j,1 and MC simulations, with wg/w ¼ 0.01, t ¼ 0.2, and 4 μm,
respectively.

Fig. 30 Dimensionless total thermal resistance of GaN as a function of w/t predicted by
the model based on lm, j,2 and MC simulations, with wg/w ¼ 0.01, t ¼ 0.2, and 4 μm,
respectively.
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predicted by the MC simulation and the model as rwg. By using the average

MFP of different materials, rt and rwg can be well fitted with material-

independent parameters. Then, the original gray model can be extended

to the case involving phonon dispersion by adding two correction terms,

lm,j,r ¼ l0,j

1 + AwKnw�ω,j
� �

1 + 2
3
Knt�ω,j

� �
rtrwg

: (61)

Fig. 31 presents the dimensionless thermal resistance predicted by the MC

simulation and the revised model. The results demonstrate that the thermal

resistance value is considerably dependent on the material type, and the pre-

diction results of the developed model are in good agreement with the MC

simulation results. The model can be applied to different materials and accu-

rately estimate the thermal resistance values for systems with various geo-

metric parameters.

4.4 Influence of bias-dependent heat generation
Most studies on thermal spreading resistance assume that the heat source has

the same length as the gate, which is modelled as either a surface heat flux or

a uniform volumetric heat source on the top of the GaN layer [30,93].

However, in electronic devices, the primary heat source is Joule heating,

which is highly bias-dependent and non-uniform [94]. The different heat

source distributions in the channel can significantly impact the thermal

spreading process and the strength of the phonon ballistic effects simulta-

neously [32]. In this section, we integrate technology computer-aided

design (TCAD) and phonon MC simulations to conduct electrothermal

Fig. 31 Dimensionless total thermal resistance of different semiconductor materials
as a function of w/t predicted by the newly-proposed model and MC simulations, with
wg/w ¼ 0.01 and (A) t ¼ 4 and (B) t ¼ 0.2 μm.
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simulations and investigate the thermal spreading resistance in GaNHEMTs

[38]. Based on the two-heat-source model, we propose a new two-thermal-

conductivity model that reflects the bias-dependent non-Fourier thermal

spreading resistance in GaN HEMTs.

The GaNHEMT used for TCAD simulations is depicted in Fig. 32, fol-

lowing the device structure presented in Ref. [95]. The device consists of

layers arranged from top to bottom, which include a 50nm silicon nitride

passivation layer, an 18nm Al0.25Ga0.75N layer with a donor concentration

ofND ¼ 2�1018 cm�3, a 2nm unintentionally doped (UID) Al0.25Ga0.75N

spacer layerwith a donor concentration ofND ¼ 1�1015 cm�3, a 2μmGaN

buffer layer, and a 10nm SiC substrate layer. The gate length is Lg ¼ 0.1μm,

and the source and drain access regions have a length of Lsg ¼ Lgd ¼ 0.95μm.

The total length of the active region is Lfinger ¼ 2.5μm.

Electrothermal TCAD simulations are conducted to predict the heat

generation profiles at different biases, which are then used to drive the pho-

non MC simulations. The drift-diffusion model (DDM) is utilized for elec-

tron transport. The simulated output characteristics of the HEMT, as shown

in Fig. 33, exhibited good agreement with the experimental results.

Fig. 34 illustrates the heat generation profiles in the channel at two biases

with an identical power dissipation Pdiss ¼ 5 W/mm extracted from the

TCAD simulations. The heat generation is concentrated within a 2nm

region below the AlGaN/GaN interface and is highly dependent on the bias.

Fig. 32 Schematic of the GaN HEMT for TCAD simulations. S, G, D refer to the source,
gate, and drain, respectively.
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Fig. 34 Heat generation in the channel extracted from TCAD simulations at two biases
(A) Vg ¼ 2V, Vd ¼ 3.8V and (B) Vg¼ �1V, Vd ¼ 6.7V with an identical power dissipa-
tion Pdiss ¼ 5W/mm.

Fig. 33 Output characteristics of the HEMT from �2 to 2V with an interval of 1V
extracted from TCAD simulations (lines) and experimental results (symbols) [95].
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At a bias of Vg ¼ 2 V, the heat is relatively uniformly distributed through-

out the channel. However, at a bias of Vg¼ �1 V, the heat is concentrated

at the drain-side gate edge, resulting in a significantly larger heat density in

that region.

To account for the non-uniform electric field in the channel and the

resulting bias-dependent heat generation, Chen et al. proposed a two-heat--

source model [19], as illustrated in Fig. 32. The total heat dissipation is

divided into two parts: Heat Source 1 (HS1) represents the relatively low

and uniform heat generation in the channel, spanning the entire finger

length. Heat Source 2 (HS2) is centered at the drain-side gate edge and rep-

resents the concentrated heat generation under high electric field. The

length of HS1 (LHS1) is equal to the finger length, while the length of

HS2 (LHS2) is set to 0.16μm to approximate the length of the high-field

region. The width of the high-field region is nearly independent of the

bias and device geometry. When the device operates in the linear regime,

i.e., Vd is less than the drain saturation voltage Vdsat, all the heat is dissi-

pated in HS1. As the channel is pinched off and the device enters the

saturation regime, i.e., Vd>Vdsat, the heat dissipated in HS1 remains con-

stant, and the excess heat is only dissipated in HS2. The two-heat-source

model can be expressed as:

P1 ¼ I dVd,P2 ¼ 0, Vd � Vdsat

P1 ¼ I dVdsat,P2 ¼ I d Vd � Vdsatð Þ, Vd > Vdsat

�
(62)

where P1 and P2 are the power dissipations in HS1 and HS2, respectively.

Fig. 35 presents the channel temperature profiles predicted by the MC

simulations and FEM for the two biases. The heat generation profiles result

Fig. 35 Comparison of the channel temperature profiles at two biases (A) Vg ¼ 2V,
Vd ¼ 3.8V and (B) Vg¼ �1V, Vd ¼ 6.7V with an identical power dissipation Pdiss ¼
5W/mm computed by the MC simulations and FEM.
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in distinct temperature distributions. At Vg ¼ 2 V, the temperature distri-

butions in the heat source region are smooth, and the difference between the

MC simulations and FEM is not too significant, since the width of the heat

source is relatively large and the phonon ballistic effect is weak. In contrast,

at Vg¼ �1 V, the highly concentrated heat generation in HS2 leads to a

small-sized hotspot and a strong phonon ballistic effect, causing a significant

increase in the temperature. This observation is consistent with the exper-

imental results [50].

Through the analysis conducted in the previous sections, two types of

ballistic effects have been identified in the thermal spreading process of

the GaN layer: cross-plane ballistic effect and ballistic effect associated with

the heat source size. The former is influenced solely by the GaN layer thick-

ness, while the latter is affected by the heat source dimensions. These two

effects can be effectively modeled using the effective thermal conductivity

approach. To this end, we calculate the effective thermal conductivities

for HS1 and HS2, with widths LHS1 ¼ Lfinger and LHS2 ¼ 0.16 μm, respec-

tively. For the phonon properties and geometric parameters adopted in this

work, keff of HS1 and HS2 are kHS1 ¼ 94.47W/mK and kHS2 ¼
47.38W/mK, respectively. By combining the two-heat-source model

and the two-thermal-conductivity model, the junction temperature of

the HEMT can be computed as,

Tm ¼ T 0 +
kbulk
kHS1

P1R1 +
kbulk
kHS2

P2R2, (63)

where T0 is the highest temperature at the bottom of the GaN layer deter-

mined using the FEM,R1 andR2 are the thermal resistance values associated

with HS1 andHS2, respectively.We note that since the heat transport in the

HEMT is not a one-dimensional process, the thermal resistance model pres-

ented here is an approximation that reflects the impact of the ballistic effects

on the GaN layer’s thermal resistance. Fig. 36 shows the overall temperature

rise of the HEMT at various biases computed using the MC simulations and

the model based on the FEM results and demonstrates good agreement

between the two at different biases and power dissipations.

It is worth noting that although the heat source-related phonon ballistic

effect can significantly increase the temperature at the drain-side gate edge, it

has a negligible impact on the electrical performance degradation of GaN

HEMTs. This is because at the drain-side gate edge, the electric field is very

high, and the electron velocity is saturated, which is almost immune to tem-

perature variations, as shown in Fig. 37. The drain current degradation is
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mainly dependent on the low-field source access region, which is away

from the hotspot area. To estimate the self-heating-induced drain current

degradation in GaN HEMTs, Chen et al. proposed an equivalent channel

temperature [33]. The equivalent channel temperature is closer to the chan-

nel average temperature, instead of the maximum temperature.

4.5 Influence of full-band phonon properties
In the previous sections, empirical models were used to account for the pho-

non dispersion and relaxation time of different materials. However, the

phonon properties of real materials can be quite complex. Taking GaN

for example, there are total 12 phonon branches including three acoustic

Fig. 37 (A) Channel temperature distribution and (B) electron velocity in the HEMT. In
the case of kHS2 ¼ 8, a low thermal conductivity of 8 W/m K is set in the HS2 region to
account for the influence of the phonon ballistic effects on channel temperatures in
TCAD simulations.

Fig. 36 Maximum temperature rises of the HEMT as a function of total power dissipa-
tion Pdiss at different biases. The symbols are extracted from theMC simulations, and the
lines are computed using the two-thermal-conductivity model based on the FEM
results.
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branches and nine optical branches, each with different dispersion and

scattering rates [96]. To address this, we conduct first-principles-based

steady-state full-band phonon Monte Carlo (MC) simulations to investigate

the thermal spreading resistance in GaN HEMTs and evaluate the accuracy

of the empirical models and the proposed effective thermal conductivity

model [97].

The full-band phonon properties and scattering times of wurtzite GaN

are calculated using density functional theory (DFT) within the Vienna Ab

initio Simulation Package (VASP) [98], while the phonon scattering rates are

obtained using the ShengBTE package [99]. Fig. 38 shows the resulting

phonon dispersion and scattering rates for GaN.

The results in Fig. 39 demonstrate the dimensionless total thermal resis-

tance predicted by several methods, including full-band MC, isotropic MC

with sine-shaped phonon dispersion, gray MC, and FEM with effective

thermal conductivity predicted by the model proposed in the previous sec-

tions. It can be observed that the thermal resistance predicted by isotropic

MC is significantly higher than that predicted by full-band MC for all geo-

metric parameters, which can be attributed to the longer phonon MFP dis-

tributions calculated by the empirical phonon property model. However,

despite the discrepancy in values, the thermal resistance predicted by isotro-

picMC has a similar curve shape to the full-band results, owing to the similar

shape of the phonon MFP spectrum.

For gray MC, the predicted thermal resistance is very similar to the

full-band predictions, indicating that the gray-medium approximation can

effectively reflect the influence of phonon ballistic effects when an appropri-

ate average phonon MFP is chosen. However, as shown in Fig. 39A, the

Fig. 38 First-principle-calculated phonon properties of GaN at 300K. (A) Phonon disper-
sion along high symmetry points. (B) Phonon scattering rates.
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gray MC-predicted thermal resistance is higher when w/t is small, whereas

when w/t is large, the grayMC predictions are lower. This discrepancy dem-

onstrates the intrinsic limitation of the gray-medium approximation in

reflecting the contributions of different phonon modes. The comparison

between isotropic MC using empirical phonon dispersion and gray MC

also suggests that combining isotropic MC with frequency-averaged first-

principle-calculated phonon properties can result in more precise tempera-

ture predictions. This approach can take into account both accurate phonon

properties and the influence of phonon MFP spread.

FEM with keff always predicts results in good agreement with the

full-band results, indicating that the effective thermal conductivity model

developed using isotropic phonon dispersion is still valid for first-

principle-calculated phonon properties. This is because of the similar

shape of the MFP spectrum and the weak anisotropy of GaN above room

temperature.

Fig. 39 Dimensionless total thermal resistance as a function of w/t with (A) t ¼ 0.5 μm,
wg/w ¼ 0.005, (B) t ¼ 0.5 μm,wg/w ¼ 0.02, (C) t ¼ 3 μm, wg/w ¼ 0.005, and (D) t ¼ 3 μm,
wg/w ¼ 0.02.
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The comparison between the different simulationmethods highlights the

importance of using first-principles-calculated phonon properties in device

thermal simulations. Gray MC and FEM with keff both provide reasonable

approximations to the full-band results, since they directly incorporate the

first-principle-calculated phonon properties into the model. On the other

hand, isotropic MC using empirical phonon dispersion has the lowest accu-

racy since the parameters are determined using the fitting of bulk thermal

conductivities, rather than directly obtained from the first-principles-

calculated phonon properties. Therefore, it is crucial to use first-principles

calculations to obtain accurate phonon properties in device thermal simula-

tions, regardless of the simulation technique used.

5. Self-heating effect

5.1 Self-heating effects in electronic devices
With the proliferation of electronic devices and the increasing complexity

of computing tasks, the performance requirements for modern chips are

growing higher and higher, leading to a gradual increase in power density.

The maximum power of chips is constantly setting new benchmarks. For

instance, the latest Intel Core i9 processor has a maximum thermal design

power of 125W, which is 20W higher than the previous generation

[100]. This trend can be attributed to the development of highly integrated

and miniaturized technology, as well as the increasing demand for high-

performance computing in diverse application scenarios. However, high

power density leads to a rise in temperature, which is an inevitable problem

that can reduce the reliability, performance, and life of chips. One of the

major contributors to temperature rise in electronic devices is the self-

heating effect, which refers to the phenomenon where the heat generated

by the current flowing through the device leads to an increase in its temper-

ature. The self-heating effect is particularly pronounced in devices with a

high current density, such as power amplifiers and high-speed transistors.

The characteristics of the self-heating effect vary with different devices

and operating conditions. For example, in high-electron-mobility transistors

(HEMTs), the heat generation mainly occurs in a small area about 100nm

width below the gate, while the total thickness of the channel and substrate

layers is within hundreds of microns [19]. The transfer of heat from a small

hotspot to a much larger area can cause significant near-junction spreading
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resistance, which further affects chip performance and life [36]. Therefore, a

correct understanding of the self-heating effect inside devices is of great sig-

nificance for the near-junction heat management technology of electronic

devices.

Under the action of an external electric field, electrons in the channel

region inside the chip gain energy and accelerate in the channel region to

form a current. This process disrupts the original equilibrium state, causing

the temperature of the charge carriers to gradually increase. As the temper-

ature rises, the electrons interact with the lattice to excite phonons and

dissipate heat. Due to the higher collision frequency between electrons

and optical phonons, most of the energy is transferred to high-frequency

optical phonons, resulting in an accumulation of optical phonons in localized

areas with significantly higher temperatures than the surrounding regions.

However, the collision frequency between electrons and acoustic phonons

is relatively low, so only a small amount of energy is transferred to low-

frequency acoustic phonons. The contributions of optical and acoustic pho-

nons to heat transfer differ significantly. Compared to acoustic phonons,

optical phonons have a smaller group velocity and therefore contribute less

to heat transfer. The main contribution to heat transfer is acoustic phonons,

which receivemost of the thermal energy from optical phonons and dissipate

it through phonon scattering within the device and thermal conduction.

Having a thorough understanding of self-heating effects is crucial for the

development of effective thermal management strategies and chip design

optimization. By gaining insight into themechanisms that contribute to tem-

perature rise inside electronic devices, researchers can develop innovative

solutions that minimize heat generation and maximize heat dissipation.

This can help to improve the overall performance and reliability of electronic

devices, while also extending their operational life.

5.2 Impact of self-heating effects on electronic devices
Self-heating effects in electronic devices can have a detrimental impact on

their reliability, performance, and lifespan. At high temperatures, the scat-

tering between charge carriers and the lattice, impurities, and defects inten-

sifies, resulting in a reduction inmobility.Mobility is a critical parameter that

directly affects the electrical performance of the device and its decline typ-

ically leads to a decrease in the output current density [2]. Additionally, the

increase in temperature leads to an increase in resistivity, which reduces the
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conductivity of device [101].With further scattering of charge carriers, more

heat is generated, which may ultimately result in current collapse [102].

High-temperature hotspots generated by self-heating effects can cause mate-

rial failure, leading to a reduction in the reliability of device. The failure time

shortens as the temperature increases, and the Arrhenius law provides a

mathematical description of this phenomenon [103]. The law states that

for every 10K increase in temperature, the time to failure (TTF) is halved.

Eq. (64) represents the mathematical relationship of the Arrhenius law:

TTF ¼ Ce
Ea
k

1
T
� 1

T0

� �
(64)

where Ea is the activation energy, T0 is the room temperature, k is the

Boltzmann constant, C is a constant, and T is the temperature at the time

of device failure. Fitting Arrhenius’ law through experimental measure-

ments can provide a more accurate reliability calculation formula for the

device. For instance, when the HEMTs working temperature increases to

250K, its lifespan sharply reduces to only about 1% of the original [104].

5.3 Simulating and modeling self-heating effects
There are three primary methods for simulating self-heating effects in elec-

tronic devices: thermal simulation, electro-thermal simulation, and electro-

thermal-mechanical simulation [105]. Thermal simulation provides the most

straightforward solution by solving for the temperature distribution of the

device given a heat source. Electro-thermal simulation, on the other hand,

takes into account the real electrical-thermal coupling in the device, pro-

viding a more accurate temperature calculation that considers the electrical

performance and power dissipation of the device. Electro-thermal-

mechanical simulation goes one step further by also accounting for the

stress distribution inside the device, taking into consideration the effect

of thermal stress. However, in most cases, electro-thermal-mechanical sim-

ulation is unnecessary and computationally expensive. Therefore, this discus-

sion will primarily focus on the fundamental equations and heat generation

models of electro-thermal simulation for electronic devices.

5.3.1 Fundamental equations
In order to accurately simulate the self-heating effect, it is necessary to first

calculate the electrical properties of the device. The basic governing
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equation for simulating electronic devices is the basic semiconductor equa-

tions [106] as shown in Eq. (65):

r � ε � rϕð Þ ¼ �q � p� n + ND �NAð Þ � qPE � ρtrap
1

q
r � J!n �

∂n

∂t
¼ R

1

q
r � J!p +

∂p

∂t
¼ �R

J
!
n ¼ q � n � μn � E

!
+ q � Dn � rn

J
!
p ¼ q � p � μp � E

! � q � Dp � rp

(65)

where ε is the dielectric constant, ϕ is the electrostatic potential, q is the ele-

mentary charge, ND and NA are the donor and acceptor concentrations

inside the semiconductor, qPE is the net polarization charge, ρtrap is the bulk
charge density due to traps, Jn and Jp are the current densities caused by elec-

trons and holes, n and p are the concentrations of electrons and holes, t is the

time, R is the net recombination rates of electrons and holes, μn and μp are
the electron and hole mobility, E is the electric field intensity,Dn andDp are

determined by the Einstein relation, as shown in Eq. (66):

Dn ¼ μn � k � Tq
Dp ¼ μp � k � Tq

(66)

where T is the temperature. After solving the equations of the electrical

properties, we can use models to calculate the heat generation distribution

inside the device.

Despite the fact that electronic devices have already entered the micro-

nanoscale, in most current electro-thermal simulations, the thermal calcula-

tion part is still based on the macroscopic Fourier’s law of heat conduction.

Fourier’s law assumes that the heat flux is proportional to the temperature

gradient, as shown in Eq. (67):

q ¼ �κrT (67)

where q is the heat flux, κ is the thermal conductivity, and negative sign rep-

resents the direction of heat flow from high temperature to low temperature.

At the macroscopic scale, thermal conductivity is a material property that is

only dependent on the type of material, but at the micro- and nanoscale,
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thermal conductivity exhibits size-dependent effects [28,29,107]. Solving

the energy conservation equation inside the device, as shown in Eq. (68),

allows for obtaining the temperature distribution inside the device:

r � κ � rTð Þ ¼ �H (68)

where H is the heat source. The calculation of H will be given in the next

section. Although this thermal simulation does not take into account the

true scattering process of phonons at the micro- and nanoscale, it is compu-

tationally convenient, and many simulations have shown that the results

obtained from such calculations are in good agreement with experimental

results [31,108]. In addition to using the heat conduction differential

equation based on the Fourier law directly, many researchers have consid-

ered the effects of non-Fourier heat conduction process by using improved

heat conduction differential equations such as the dual-phase-lag model

[109], the Cattaneo-Christov heat conduction model [110], and the phonon

hydrodynamic equation [111], etc.

The main heat carriers inside the device are phonons, and by considering

the scattering process of phonons, the heat transfer process inside the device

can be studied from a microscopic level. The motion of phonons follows the

phonon Boltzmann transport equation (BTE), and the phonon Boltzmann

transport equation under the relaxation time approximation is shown in

Eq. (69):

∂f

∂t
+ vg � rf ¼ f � f0

τ
+ q0 (69)

where f is the phonon distribution function, vg is the phonon group

velocity, f0 is the phonon distribution function at equilibrium, τ is the

relaxation time, q’ is the phonon generation term, which represents the heat

generation in the device. There are several methods to solve the BTE, such as

the discrete ordinate method (DOM) [112] and the Monte-Carlo (MC)

method [113]. Numerous studies indicate that solving the Boltzmann

equation for hot-spot temperature results in a significantly higher tempera-

ture than solving the heat conduction differential equation based on Fourier’s

law of heat conduction. This difference in temperature calculation can have

varying effects on device performance and reliability [114,115]. To perform a

comprehensive electro-thermal simulation, at least six coupled differential

equations need to be solved. Therefore, electro-thermal coupling calcula-

tions are generally carried out in a two-dimensional model, supplemented

by three-dimensional thermal simulations to correct the results [116].
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5.3.2 Heat generation models
During the directed motion of electrons, lattice vibrations are generated by

the scattering process with the lattice, which is themain process for heat gen-

eration within the device. There are manymodels for heat generationwithin

the device, and the simplest one was proposed by Gaur and Navon in 1976,

as shown in Eq. (70) [117]:

H ¼ J
!
n + J

!
p

� �
E
!

(70)

This expression is not a strict Joule heating model because it can potentially

result in a negative heat source, which is because the driving force of the

charge carriers in the device is not only the electric field. A more general

heat generation model [118] is given as shown in Eq. (71):

H ¼
J
!
n

��� ���2
qμnn

+
J
!
p

��� ���2
qμpp

2
64

3
75 + qR ϕp � ϕn + TL Pp � Pn

� �h i

� T
L

J
!
nrPn + J

!
prPp

� �
(71)

where TL is the lattice temperature, ϕn and ϕp are the quasi-Fermi potentials

of electrons and holes, Pp and Pn are the absolute thermoelectric powers of

electrons and holes, respectively. The first term
J
!
n

�� ��2
qμnn

+
J
!
p

�� ��2
qμpp

" #
on the

right-hand side of the equation is the Joule heating, the second term qR

[ϕp�ϕn+TL(Pp�Pn)] is the net heat generated by carrier recombination

and generation process, and the third term �T
L

J
!
nrPn + J

!
prPp

� �
is the

heat generated by the Peltier and Joule-Thomson effects. Joule heat and

recombination-generation heat basically include the main heat generation

inside the device, and usually considering the first two terms can obtain good

results. The heat generation process inside the device is very complex, there-

fore, many models have been developed, which need to be carefully con-

sidered in different situations. For the solution of the phonon Boltzmann

equation, it is rewritten in energy form [119] under steady-state conditions

as shown in Eq. (72):

r � vg s
!
e

� � ¼ e� e0
τ

+ H 0 (72)
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where s
!
is the direction cosine, e is the energy density of a particular pho-

non, e0 is linked to lattice temperature (TL) through the relation e0 ¼ CTL,

where C is the phonon specific heat, H0 is the heat generated inside the

device. By introducing different thermal generation models, the BTE can

be solved, and some articles have calculated the phonon generation term

directly [120].

5.4 Typical devices and self-heating effects
5.4.1 Metal-oxide-semiconductor field-effect transistor
MOSFET is an acronym for metal-oxide-semiconductor field-effect transis-

tor, which was invented in the early 1960s. It is one of the most important

devices in modern electronics, widely used in integrated circuits, power

amplifiers, switches, and other circuits. Fig. 40 shows a schematic structure

of the simplest NMOS device, consisting of a gate, source, and drain, where

the gate controls the conductivity of the device.

The dimensions of theMOSFETare shown in Fig. 40,with a doping con-

centration of the source and drain being denoted asND ¼ 1�1020cm�3, and

the doping concentration of the bulkmaterial asNA ¼ 1�1016cm�3. Fig. 41

shows the temperature distribution atVGS ¼ 8 andVDS ¼ 8V. The device is

constructed and simulated using Silvaco TCAD. It can be observed that dur-

ing MOSFET operation, the maximum temperature (Tmax ¼ 392K) occurs

in the region beneath the gate near the drain, where the current density is the

highest. Due to the relatively larger conductive region beneath theMOSFET,

the heat source is distributed widely, resulting in a significant increase in tem-

perature beneath the gate.

Fig. 42 illustrates the output characteristic curves of an NMOS device at

different gate voltages. It is evident that, upon considering the self-heating

Fig. 40 Schematic diagram of the structure of an NMOS device.
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Fig. 41 The temperature distribution of an NMOS at VGS ¼ 8 and VDS ¼ 8V.

Fig. 42 The output characteristic curves of NMOS device at different gate voltages. The
dotted line depicts the result without considering the self-heating effect, and the solid
line depicts the result with considering the self-heating effect.
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effect, the current density of the NMOS device reduces, and the effect

becomes more pronounced with an increase in the gate voltage. This is

because at high temperatures, carrier scattering becomes stronger, leading

to a reduction in carrier mobility. Carrier mobility directly affects the con-

ductivity of the device, and hence, the current density at high temperatures

reduces. With the increase in the gate voltage, the electron concentration

in the depletion layer under the gate rises, enhancing the conductivity.

However, the increase in current density further strengthens the self-heating

effect, leading to a higher temperature in the region and a greater reduction in

carrier mobility. For accurate device simulation, it is essential to comprehen-

sively consider the electro-thermal coupling process inside the device. While

NMOS is the simplest MOSFET, more commonly used MOSFETs include

CMOS, VDMOS, and SOI-MOS, and their electro-thermal simulations

have been extensively reported in the literature [111,121,122].

5.4.2 High electron mobility transistors
High electron mobility transistors (HEMTs) are widely used in low noise

amplifiers and high-frequency power amplifiers in radio frequency (RF)

and microwave circuits due to their excellent properties such as high mobil-

ity and low power consumption. HEMTs are a multi-layer thin film struc-

ture, as shown in Fig. 32 [38]. Unlike MOSFETs, the strong spontaneous

and piezoelectric polarization of GaN and AlGaN leads to the formation

of a two-dimensional electron gas (2DEG) at the heterojunction interface.

The 2DEG is very thin, typically in the range of 1–2nm, and has a high

mobility, making HEMTs suitable for important applications in wireless

communications, radar, and wireless television.

Fig. 34 shows the heat generation distribution of GaN HEMTs under

different biases [38]. Unlike MOSFETs, HEMTs have a 2D electron gas

as conductive channel, which leads to a more concentrated heat generation.

Themajority of the heat is distributed near the conductive channel at the top

of GaN layer, which is located under the gate and near the drain region. In

addition, the heat generation in HEMTs is bias-dependent [31,94]. At low

biases, the electric field is relatively uniform, resulting in lower and more

evenly distributed heat generation. However, at high biases, the local elec-

tric field is stronger, causing the heat generation to be more concentrated

near the 2D electron gas under the gate near the drain.

Fig. 43 shows the output characteristic curves of HEMT under different

gate voltages [38]. As the gate voltage increases, the device performance

deteriorates more significantly due to the self-heating effect in HEMT,
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which is also caused by the increase in current density and hence the increase

in heat generation. Furthermore, at the same gate voltage, the device per-

formance changes more drastically at high drain-source voltages, indicating

the influence of electric field on heat generation in the model. While the

drift velocity of carriers may saturate under high electric fields, the strength-

ening of the electric field can still increase carrier and lattice scattering,

which in turn enhances the self-heating effect in the device [123].

5.5 Measurement methods for self-heating effect
During the design process of electronic devices, simulation and theoretical

calculations can provide predictions for the self-heating effect and perfor-

mance of device. However, experimental measurements are necessary to

determine the actual self-heating effect of the device. The most common

method is to use a thermocouple to measure the surface temperature of

the device.However, contactmeasurementmethodsmay damage the device

surface and have low accuracy, limiting their capability to measure only the

surface temperature field [124]. Infrared thermography is a non-contact

method that enables real-time monitoring of temperature changes on the

device’s surface and is suitable for large-scale device detection. However,

it has limited resolution and cannot measure the internal temperature distri-

bution of the device [125]. Micro-Raman thermometry, on the other hand,

measures the temperature distribution by analyzing theRaman spectra on the

Fig. 43 The output characteristic curves of HEMT device at different gate voltages. The
dotted line shows the result without considering the self-heating effect, and the solid
line depicts the result with considering the self-heating effect.
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device’s surface. It is more accurate than infrared thermometry and can oper-

ate in high-temperature environments. However, it can also only measure

surface temperature [126]. To measure the internal temperature distribution

of the device, the time-domain thermoreflectance imaging (TDTR)method

is widely used. It generates a thermal pulse on the device’s surface using a

femtosecond laser and obtains the device thermal performance through

the propagation of thermal waves within the device. TDTR provides high

accuracy and resolution but requires expensive equipment and is only suit-

able for devices with uniform thermal diffusivity and heat capacity

[127–129].

5.6 Management methods for self-heating effect
The self-heating effect can reduce the performance of a device and affect its

reliability and lifespan. Managing and reducing the self-heating effect inside

a device is crucial for the development of chips. The control of the self-

heating effect can be achieved from two directions: inside and outside the

device. Several methods can be employed for internal control of the device

to minimize self-heating effects. These include using high thermal conduc-

tivity substrate materials such as SiC [130] and diamond [131], utilizing high

thermal conductivity top heat dissipation materials like monocrystalline dia-

mond [132] and few-layer graphene [133], reducing the thermal boundary

resistance between different materials inside the device [134,135], and opti-

mizing the device design to change electric field and current distribution

[108,136,137]. These approaches can help to improve device performance

and reliability by reducing local hotspots and extending operational lifespan.

On the other hand, the external control of the device can be improved

through better packaging and different cooling methods. Improved packag-

ing can reduce the self-heating effect by providing better isolation and

reducing heat accumulation inside the device [138–140]. Different cooling

methods, such as microchannel cooling [141–143], can enhance heat dissi-

pation outside the device, thereby reducing the self-heating effect. In sum-

mary, managing and reducing the self-heating effect of a device is critical for

improving its performance, reliability, and lifespan. It can be achieved by

implementing various techniques from both inside and outside the device.

6. Conclusion

The present chapter gives a comprehensive introduction and descrip-

tion of the progress in the near-junction thermal management of electronic
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devices, by reviewing the study on ballistic heat conduction in nano-

structures, thermal conductivity of nanostructures, thermal spreading resis-

tance and self-heating effect in electronic devices. For the study on ballistic

heat conduction in nanostructures, the boundary temperature jump (BTJ)

and boundary heat flux slip (BHFS) of ballistic heat conduction based on

the BTE are mainly discussed. The BTJ arises at the boundary where pho-

nons and heat sinks cannot reach temperature equilibrium due to the ballistic

effect. And the BHFS occurs when the phonon-boundary scattering is sig-

nificant due to the greatly increased boundary/interface density in nano-

structures, which will alter the traveling direction of phonons. A set of

predictive models for the BTJs and the BHFS are developed in various cases.

Besides, the phonon property mismatch at the interface alone can lead to the

changes in the heat flux distribution for a nanofilm on a substrate.

For the thermal conductivity of nanostructures, multiple factors are found

to have significant effects on the lattice thermal conductivity of GaN, includ-

ing characteristic size and geometry, heating conditions, interfacial effects,

stress, and electric fields. Characteristic size and geometry of a nanostructure

can be the leading factors that affect the effective thermal conductivity.

A BTE-based thermal conductivity model, able to consider multiple con-

straints, is introduced. Then, the effect of heating conditions on the effective

thermal conductivity is discussed based on both the BTE-based models and

phonon MC simulations. Moreover, the two-way manipulation of effective

thermal conductivity through interfacial effect is presented. Lastly, the influ-

ence of external fields is examined. Both stress and electric fields have a sig-

nificant effect on the lattice thermal conductivity of GaN.

Thermal spreading resistance in electronic devices regarding ballistic-

diffusive transport is particularly discussed in GaN HEMTs, using phonon

MC simulation accounting for gray model, phonon dispersion, bias-

dependent heat source and full-band phonon properties successively. It is

revealed that the phonon ballistic effects can substantially augment thermal

spreading resistance. And the bias-dependent heat generation can markedly

impact both thermal spreading resistance and phonon ballistic effects.

One thermal resistance model considering phonon dispersion and one two-

thermal-conductivity model considering the bias-dependent non-Fourier

thermal spreading resistance in GaN HEMTs are proposed. With the use

of first-principle-calculated phonon properties, the importance of incor-

porating first-principles-calculated phonon properties in device thermal

simulations is confirmed.
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For the self-heating effect in electronic devices, the electro-thermal sim-

ulation is usually taken to model the self-heating effects and predict the tem-

perature field in the devices and reveal the impact of self-heating on

electronics devices. The self-heating effect is found to vary with electronics

and operation condition. The main heat generation, the Joule heat, is depen-

dent on the current density and electric field distribution. Generally, there are

two approaches to control self-heating, i.e., internal and external methods.

Furthermore, the self-heating effect can be explored thoroughly through

combining simulation and experiment.
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