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Abstract

®

CrossMark

Aluminum gallium nitride (AlGaN) nanofilms have been widely applied as active layers in
ultra-violet opto-electronic devices and power electronics. Stress plays essential role in AlIGaN
based devices, especially in high electron mobility transistor. Therefore, it is necessary to
investigate the thermal properties of AlIGaN nanofilms with various stresses. In this work,
biaxial stressed [0001] oriented AlGaN nanofilms were studied. The phonon dispersion, density
of states, velocity and heat capacity were simulated based on the elastic theory. Thermal
conductivities of AlIGaN nanofilms, which was found 1 ~ 2 orders of magnitude lower than the
bulk materials, were then calculated by Boltzmann transport equation. Due to the modification
of phonon dispersion and increasing of group velocity by tensile stress, the thermal
conductivities of AlIGaN nanofilms increase from compressive stress (—15 GPa) to tensile stress
(+15 GPa). Moreover, a phonon energy gap appears in AIN nanofilm of —15 GPa, which
disrupts the linear relation between thermal conductivity and stresses. Our work confirmed that
the stress could be promising to tune the thermal conductivity of AlGaN nanofilms.

Keywords: AlGaN nanofilms, thermal conductivity, stress, elastic theory, BTE

(Some figures may appear in colour only in the online journal)

1. Introduction

Composed by indium nitride, gallium nitride (GaN) and alu-
minum nitride (AIN), I-nitrides have been widely applied
in highly efficient, high-power opto-electronic and micro-
electronic devices, due to their inert chemical properties and
high quantum efficiencies [1-3]. Among them, Aluminum gal-
lium nitride (AlGaN) nanofilms with a few nanometer thick-
nesses have been utilized as active layers of laser diodes, high
electron mobility transistor (HEMT) and UV(ultra-violet)-
LEDs. Since that intense heat flux in microelectronics would
degrade devices’ performance and reliability [4], accurate
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evaluation of AlGaN nanofilms’ thermal conductivity (k) is
crucial to solve the thermal dissipation issue of devices.
Typically, the x of nanofilms were significantly lower than
bulk counterparts since the localization of phonon in nano-
thickness [5-7]. Besides, stress induced by either external
force or heteroepitaxy also affect the s of nanofilms. Meth-
odology to study the s of nano- or micro- films included
experiments (e.g. suspended thermal bridge [5], Raman [6],
3 w [7], time domain thermal reflection [8] and laser pulse
measurement [9]) and theoretical simulation. In 2005, Lui
and Balandin et al [10] investigated the effect of Al content
and temperature on s of AlGaN thin films. In 2010, Tong et
al determined the x of n-type AlggsIng 7N thin films to be
4.87 W (m x K)~! [11] by 3 w differential method. However,
experimental reports on thermal properties of nanofilms were

© 2022 0P Publishing Ltd
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still rare due to the difficulty of sample preparation and com-
plex apparatus.

Theoretical simulation of x included Monte Carlo method
and Boltzmann transport equation (BTE). Monte Carlo
method mimics every phonon’s random transportation, which
needs cumbersome computational budget [12]. In recent dec-
ades, BTE method with phonon relaxation approximation
was more and more popular in calculating solid thermal
conductivity [13, 14]. To calculate the « by BTE, phonon dis-
persion relation should firstly be determined. Compared with
the conventional ab initio and molecular dynamics, elasti-
city theory based on Lamb wave is an easy way to derive
the phonon dispersion relations [15—17]. Recently, Zhu et al
reported the phonon dispersion and thermal properties of III-
nitride nanofilms by elastic theory [18-24]. The effects of sur-
face/interface scattering and piezoelectric on « of GaN nan-
ofilms and nanowires were investigated. Heterogeneity and
prestress filed of AIN/GaN/AIN sandwich films were also
calculated [23, 25]. In 2022, our group also studied the thermal
properties of AlGaN nanofilms with different Al content by
elastic theory and BTE [26]. However, in our previous theor-
etical work, stress was also not considered yet.

Therefore, in this work, the effect of biaxial stress on
thermal properties of AlGaN nanofilm was simulated. It was
shown that, the x of GaN, AlysGagsN and AIN all increase
from compressive to tensile stress. A phonon bandgap appear-
ing at —15 GPa stressed AIN nanofilms disrupted the linear-
ity of AIN nanofilm’s x on stress. Our work proved that the
thermal conductance of AlGaN nanofilms could be modulated
by stress fields, which may be promising for efficiently thermal
dissipated AlGaN based devices.

2. Phonon dispersion

In BTE model, the « is integration of specific heat capacity,
phonon group velocity and phonon lifetime. To derive the spe-
cific heat capacity and phonon group velocity, phonon disper-
sion relation should firstly be calculated. In this work, about
2 nm thick [0001] orientated quasi-2D wurtzite Al;Ga;_sN
(6 =0,50%, 100%) nanofilm is considered as a slab. As
shown in figure 1, x and y directions are within planar and
isotropic, while z direction along [0001]. Heat flows along x
direction. An isotropic stress field oy is applied along x and y
directions.

According to elasticity theory, the vibration vector u of slab
films is calculated by elastic equation. The stress applied to
nanofilms could be expressed as:

0 =00 =09, 0% =0 (i=xy,2). (1)

According to elastic constitutive relation, the initial strains
by stress o are:
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Figure 1. Heat flow and stress of [0001] oriented AlsGa;.sN
nanofilm.

Q

where s, = Cq1 — %i:’ Sy = Cip — ng” L Sy = Ca — %; Cj
is two-order elastic modulus tensor. With the interpolation of
elastic modulus tensor, the planar strains €, of AlysGagsN
have a linear relation with stress: €,, = 0.38% [GPa™!] - 5.
The typical full stress Alg>GaggN layer in Alp,GaggN/GaN
HEMT has +0.49% strain and +1.25 GPa tensile stress. Under

stress, the vibration equation is [27, 28]:

o dx

82u,- 0 ~ 8uk 62u,-
new oK — 7t 3
( ijkl 8)6[ ) + 0o axz ) ( )

where p"*" = p [1 — (ugx + ugy + ugz)] is the modified density
under stress.a‘ijkl is the modified fourth-order elastic modulus:

- 0, .0 0_ 0 0 0

Ciitr = Cia (1 4 1y + 1y + gy + ujy — ufy — 13, — ul3)

0

+ CijdmnUpy; (€]
where Cijjpn 1s sixth-order elastic modulus. By using Voigt
notation, the fourth-order elastic modulus tensor Cj; can be
notated into 6 x 6 two-dimensional matrix C,; by abbreviating
the (ij) and (kI) into a and b respectively, corresponding rules

of (11)—=(1), (22)—(2), (33)—(3), (12)—(6), (13)—(5), and
(23)—(4). The none-zero modified elastic tensor are:

Cii = Cxn=Cyy (1 +2uf) —M(3)3) +(Ci11 + Ciia) ufy + Crious
C33 =Cyy (1 +2u) — M(3)3> +2C1ufy + iyl
Ci3=Cy;=Cp (1 +u(3)3) +(Cr23 + Cri) )y + Crpauss
Cia=Cyp, (1 +u(3)3> +2C o1y + Crosus

Cag=Css=Cy (1 + M?a) +(Cuaa+ Ciss) ) + Cissuds

. (Cii —Cyp)

Coo=—75—" &)

When heat transports along x direction, the vibration vector
u is function of xand z:

u(x,z,t):ﬁ(z)exp(i(wt—q-x)), (6)

where ﬁ(z) is amplitude and only related with z. w is phonon
angular frequency, while ¢ is wave vector. Substituting
equation (6) into equation (3) to obtain:
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According to the Lamb wave model of slab film, the vibra-
tion modes are divided into asymmetric (AS), symmet-
ric (SA) and shearing horizontal (SH) modes, correspond-
ing to the symmetry of vibration vector. In SH mode,
u = (0,u,,0) has only vibration along y direction, where
uy = ity (z) exp (i (wt — g - x)). It is worth noted that the Lamb
wave modes are only applicable in the situation of heat flow-
ing along slab. When heat transfer through vertical direc-
tion, the state of phonon along z direction should be strongly

o A A
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A A

The boundary condition of stressed nanofilms is:

_ Ouy

0= 52 =0 (10.2)
oy . ou, . - '
e = 8% —iqu. = 0,0, = csga—”; —igCy3u; =0 (10.b)

Combining equations (8)—(10), the phonon dispersion rela-
tion (w ~ g) could be derived by finite element differentiation.
Parameters of GaN and AIN utilized in calculation are listed
in table 1. Parameters of AlpsGagsN is derived by linear inter-
polation between GaN and AIN.

After calculating the phonon dispersion curve, the phonon
group velocity (vg), density of state (¢) and specific heat capa-
city (C,) can be obtained. The v, represents the phonon energy
transportation velocity:

dw,
Vg (CU) = dq )

D

in which the subscript n denotes the phonon branches. The
phase velocity is defined as:

vp (W) = (12)

w
p .

quantized with concentrated density of states. Substituting into
equation (7), the vibration equation of SH mode is:

2/\
i

C
“oz2

+ [p""w?* — (Cos + 00) ¢*] ity = 0. 3

In contrast, there are no vibration along y direction in AS
and SA modes, u = (u,,0,u;), u, = it, (z) exp (i (wt — g - x)),
u, = i, (z) exp (i (wt — g - x)). Substituting into equation (7):

Fue - 0 N - .
Cyy = —IQ(C13+C44)61287L;Z+ [p""w? — (C1 +00) ¢°] it =0

C))

o . ~ 0 x new - il
GZI;Z —iq (Ci3+ Cu) ‘126712 + [p"w? — (Caa+00) ¢°] ;= 0

The density of phonon states (o) is defined as the number of
phonon mode per volume and per energy at given frequency.
The quasi-2D phonon g (w) can be obtained by:

SA,AS, SH _ 1 g(w)
¢ () _Zﬁivg (w) (13)

n

C, is the integration of Bose—Einstein distribution (BED)
and o (w):

Wmax

C~tu [
0

The dispersion curves of SH, SA and AS modes of 2 nm
stressed GaN, AlpsGagsN and AIN nanofilms in reduced in-
plane Brillouin zone are shown in figure 2. Slopes of all modes
increased from compressive to tensile stress. Moreover, with
increasing the Al content, the slope of dispersion curve also
increased. The first and third optical branch of SA mode show
energy valleys at 0.75 nm~! and 1.75 nm~!. The second
optical branch of AS mode shows energy valley at 1.5 nm~!.
It is worth noting that the Al concentration and stress have no

influence on the positions of energy valleys.

(hw /ksT)* exp (hw /ksT)
lexp (hw /ksT) — 1]

0(w)dw. (14)
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Table 1. Parameters of GaN, AlysGagsN and AIN [22, 29].

GaN  C33(GPa) Ci3(GPa) Cu4(GPa) Cy11(GPa) C112(GPa)
252 129 148 —1213 —867
C123(GPa) C144(GPa) C)55(GPa) Cis6(GPa) p(g/cm’)
—253 —46 —606 —49 6.15

AIN C33(GPa) C13(GPa) Cu(GPa) C11(GPa) C12(GPa)
282 149 179 —1073 —965
C123(GPa) C144(GPa) Cis5(GPa) Cuse(GPa) p(g/cm’)
—61 57 -757 -9 3.26
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Figure 2. (a)—(i) SH, SA and AS phonon dispersion curves of
2 nm GaN, Alys5GagsN and AIN nanofilms.

Figure 3 shows the average group velocity (v,) and phase
velocity (vu,) of 2 nm thick GaN, AlgsGagsN and AIN with
various stresses. The v, decreased sharply at phonon ener-
gies corresponding to the minima of phonon dispersion slope.
From compressive (—15 GPa) to tensile (+15 GPa) stress,
the distribution and peak values of both v, and v, of GaN
and AlysGagsN blueshift, showing the increasing of Debye
frequency. This is ascribed with the increasing of dispersion
slope by tensile stress, which could be explained by the vibra-
tion equations (8) and (9). For instance, in SH mode, the dis-
persion curve (w ~ q) is typically determined by parameter
[p“ewwz — (6‘66 +Uo) qz] /6'44. Since the stress oy is intro-
duced, the eigen-frequency w would increase by positive og

(tension) and decreased by negative oy (compression) at same
vector g. However, in case of AIN, because that a phonon
bandgap appeared at SH mode in —15 GPa stress, the v, and
v, at low energy range (0-25 meV) of —15 GPa are larger than
the ones of —10 GPa (as shown in figures 3(d) and (h)), which
will disrupt the x ~ oy relation.

Figures 4(a)—(c) shows the density of states (o) of 2 nm
nitrides. The p increased sharply at energies corresponding
to the minima of v,. Both ¢ of GaN and Aly5GagsN rep-
resent blueshift from compressive to tensile stress, which is
in line with the dispersion curves. The o decreased at low
energy range (0-25 meV) and increase at high energy range
(>25 meV) by tensile stress. In AIN, the bandgap at —15 GPa
make the o of —10 GPa higher than the one of —15 GPa
without blueshift, which differed with common situations
(figure 4(d)).

Figure 5 shows that the specific heat capacity (C,) of GaN,
Al 5Gag 5N and AIN decreased by tensile stress. This could be
explained by the blueshift of ¢ (w) by tensile stress. Since C, is
the integration of BED and ¢ (w), the blueshift of ¢ (w) and low
value of BED at high energy reduce the C,. At low temperat-
ure (<200 K), the C, increased with temperature by square law
(xT?), which is caused by the extension of BED function by
temperature. The square relation differed with the cubic rela-
tion (ocT?) of bulk materials [30], due to the quasi-2D charac-
ter of nanofilms. Meanwhile, the C, also decreases by Al con-
centration, which is consistent with our previous work [26].

3. BTE and thermal conductivity

According to the BTE, the thermal conductivity « is integra-
tion of specific heat, group velocity and phonon lifetime 7.

Wmax

5)

The phonon lifetime is related with the scattering of
phonon. In this work, we considered five scattering mech-
anisms: Umklapp phonon-phonon scattering 7y, point-defect
scattering7p, phonon-electron scattering 7,;,_., alloy disorder
scattering 7,0y and boundary scattering 7. Total phonon life-
time follows Matthiessen’s rule by:

-1 1

U T P I L AL L R ¢ [0

The Umklapp phonon-phonon scattering rate satisfies:

1
1 27%kgTw?V}
i Lio (17)
U (6m) Mvyv2

where Grunieisen anharmonicity parameter -y is 0.74 and 0.77
for GaN and AIN, respectively [10]. kz is the Boltzmann con-
stant; 7 is temperature; Vo = ‘/gT“z" is the volume per atom; M
is the average atom mass.

The point defect scattering rate is:

1 Vow™
P Amvgyl '

(18)
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Figure 3. (a)—(d) Phonon average group velocity; (e)—(h) phonon average phase velocity of 2 nm GaN, AlysGagsN and AIN.
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Figure 7. (a) Thermal conductivity dependence of 2 nm GaN, Alp5GagsN and AIN nanofilm on stress at 300 K; (b) and (c) thermal
conductivity dependence of 2 nm GaN, Alys5GagsN and AIN on temperature.

In this work, choosing typical density (10'7-10" cm—3)
of point defects (carbon, hydrogen, oxygen), the point-defect
scattering factor I'is 3.2 x 10~*and 1.3 x 10~* for GaN and
AIN, respectively [10].

The alloy disorder scattering rate exists in ternary AlGaN
alloy, which can be written as:

(M, —M)]" (=1 }
A

1 V0w4

= xi
Talloy 47Tvgv§ - {[

where i denotes GaN or AIN. r is the average atom radius.
€ = 39 is a weight factor [10].
The phonon-electron scattering rate is:

1 neetw [mm*v: m*v§
= — 20
e kT \| 20T P\ 7 25T 0

where n, = 2 x 10'® cm™3 is adopted as the concentration
of electrons; ¢; = 10.1 eV is the deformation potential [31]
and electron effective mass m* is adopted as 0.22 mg and 0.33
myg for GaN and AIN, respectively. my is the vacuum electron
mass.

The boundary scattering rate can be expressed as

1
B

2y

which is essential in nanofilms, since the thickness H is
nanoscale.

As shown in figure 6, in GaN and AIN, without alloy dis-
order scattering, boundary scattering, due to extremely thin
(2 nm) thickness, dominates the phonon scattering. Since the
boundary scattering rate (1/7p) is linear proportion to group
velocity, the total phonon lifetimes of GaN and AIN are
determined by their group velocities. Alloy disorder scattering
is another prominent scattering in AlysGagsN ternary alloy.
1/ Talloy is biquadrate to frequency, linearly and square inverse

7)):

respectively. Therefore, 1/ Talloy dominated at high energy

to the group velocity and phase velocity (ocw*/ (v,

range, and decrease by tensile stress.

Integrating specific heat (C,), group velocity (vg) and
scattering rate (7), thermal conductivity x of 2 nm nitride
nanofilms were derived. As shown in figure 7, x of nano-
films (<3 Wm~!K~") are 1-2 orders of magnitude lower than
the counterparts of bulk nitride (e.g. 70 Wm~'K~! of GaN)
[32, 35]. With modulating the stress from —15 GPa compres-
sion to +15 GPa tension, although the o(w) at low energy,
C, (w) and 7 decreased, the  increased by tensile stress due
to the enhancement of v, and 1 / Talloy> 8 shown in figure 7(a).
Our result is consistent with aluminosilicate and magnesite
material from Litovskii e al [34], serpentine graphene from
Gao et al [35] and boron nitride from Zhu et al [36]. The k ~
o9 increasing slopes of GaN, AlpsGagsN and AIN nanofilms
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are 0.028 Wm—! K~ GPa~!, 0.016 Wm—! K~! GPa~! and
0.033 Wm~!'K~!GPa~!, respectively, originating from
evolution of mass density, elastic modulus and scatter-
ing rates. It is worth noting that the x ~ o( slope of AIN
from —15 GPa to —10 GPa (0.085 Wm~'K~'GPa!) is
pretty larger than the 0.033 Wm~!'K~!GPa~' of other
stresses, which is ascribed with the phonon bandgap in SH
mode.

Temperature dependent thermal conductivities (x ~ T) of
nanofilms were shown in figures 7(b)—(d). x increased with
temperature until about 200 K and then saturated (Aly sGag sN)
or slightly decreased (GaN and AIN). The increasing of « at
low temperature originated from the increasing of C,, while
the slight descending (GaN and AIN) at high temperature came
from activation of 1/7y, which is however screened by alloy
disorder in AlysGagsN. The bandgap of —15 GPa AIN nano-
film made the x keeping constant at high temperature, unlike
the situation of other stress.

4. Conclusion

In this work, dependence of 2 nm AlGaN nanofilms’ thermal
properties (phonon dispersion, density of state, specific heat
and thermal conductivity) on stress was studied by elasticity
theory and BTE. It was shown that all the thermal conductiv-
ities of GaN, Alps5GagsN and AIN nanofilms increased with
tensile stress by different x ~ oy slopes. Phonon bandgap at
—15 GPa stress changes the trends of k ~ oy relation of AIN
nanofilm. Our work proves that the stress could be a prom-
ising way to design and modulate the thermal conductivity
of AlGaN nanofilms and thus the heat dissipation of AlGaN
based opto-electronic devices.
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